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SYNOPSIS.
F r e e  c u t t i n g  m i l d  s t e e l  ( E l  202) was p a c k  
c a r b u r i s e d  t o  g i v e  c a r b o n  c o n t e n t s  o f  0*4* 0*6 and 
1 .1#*  The i s o t h e r m a l  t r a n s f o r m â t  io n  c u r v e s  of  
t h e s e  s t e e l s  w ere  d e t e r m i n e d  by d l l a t o m e t r y  and 
c o n f i r m e d  b y  m ic rosco p y*  M i c r o h a r d n e s s  s u r v e y s  
w e re  c a r r i e d  o u t  on  p r o - e u t e e t o i d  f e r r i t e  a s  i t  
formed*
From t h e  r e s u l t s  o f  t h e s e  e x p e r i m e n t s  i t  was 
con c lu d ed  t h a t  f e r r i t e  i n i t i a l l y  had  a  c a r b o n  
c o n te n t  g r e a te r  th an  th a t  p r e d ic te d  by th e  e q u ilib r iu m  
d i a g r a m .  T h i s  c a r b o n  c o n t e n t  was n o t uniform  and 
in c r e a se d  a s  th e  c a r b o n  c o n te n t  o f  th e  s t e e l  in crea sed *
The m orphology o f  p e a r l l t e  c h a n g e s  a s  
t r a n s f o r m a t i o n  c o n d i t i o n s  and carbon c o n te n t  o f the  
s t e e l  a re  a l te r e d *  When th e  s t e e l  h a s  a  h ig h  carbon  
c o n te n t  and i s  tran sform ed  a t  tem p era tu res  near th e  
e u t e c t o id  tem p eratu re  th e  p e a r l l t e  I s  la m e lla r  but 
low carbon  s t e e l s  t r a n s f o r m e d  a t  low er tem p era tu res  
i n  th e  p e a r l l t e  r a n g e  have  a  s p h e r o i d a l  fo rm  o f  
p e a r l l t e *
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I n tr o d u c t io n .
f h l s  I n v e s t ig a t io n  was s t a r t e d  w i t h  t h e  o b j e c t  
o f  t r y in g  t o  improve t h e  p r o p e r t i e s  o f  c a r b u r l s e d  
p a r t s  by c a r r y i n g  out Iso th erm a l h e a t  tr e a tm e n ts  a s  
opposed to  c o n v e n t i o n a l  qu en ch ing  o p e r a t i o n s .
I t  I s  tr u e  t h a t  when a l l o y  c a s e  h a r d e n i n g  s t e e l s  
a re  u sed  t h e i r  in c u b a tio n  p e r i o d s  are lo n g e r  and 
tr a n s fo r m a tio n  r a t e s  s l o w e r ,  so  t h a t  c o m p a r a t i v e l y  
la r g e  s e c t io n s  c a n  be  quen ch ed  t o  a tem p erature a t  
w h ich  th e  c o re  h as tra n sfo rm ed  c o m p le te ly  t o  
m a r te n s lte  w h ile  th e  a u s t e n l t e  in  th e  c a s e  i s  
unchanged . The c a se  I s  f i n a l l y  hardened by c o o lin g  
t o  room tem p er a tu r e . In  t h i s  in s ta n c e  th e  trea tm en t  
w i l l  be a d v a n ta g e o u s #
I n i t i a l  ex p e r im en ts  showed t h a t  t h e  low c a r b o n  
s t e e l  tran sform ed  so  r a p id ly  I n  th e  upper tem p erature  
range th a t  i t  would be imp o s s l b l e  t o  t r e a t  any but 
th e  t h in n e s t  s e c t io n  w ith o u t  h a v i n g  a m ix tu re  o f  
f e r r i t e  and a  t r a n s f o r m a t i o n  p r o d u c t  In th e  c o r e .
T h is w ould mean t h a t  th e  m ech a n ica l p r o p e r t ie s  w ould  
b e  o f th e  same o r d e r  a s  t h o s e  th a t  can  be o b t a i n e d  
by s im p le r  and c h e a p e r  c o n v e n t i o n a l  tr e a tm e n ts . I t  
i s  tr u e  th a t  w ith  iso th e r m a l h e a t  tre a tm en t th e r e
2.
w o uld  be  l é s é  p o s s i b i l i t y  o f  c r a c k i n g  an d  t h e  
d i s t o r t i o n  w ould  be  s m a l l e r ,  a s  shewn by Sharpe ( I ) ,  
b u t  t h i s  i s  a  d i f f e r e n t  a s p e c t  o f  t h e  p ro b le m  and  
w i l l  n o t be c o n s i d e r e d  f u r t h e r .
D u ring  t h e  c o u r s e  o f  t h e  I n i t i a l  w ork  i t  was 
n o t i c e d  t h a t  when u s i n g  s t e e l  made f ro m  one c a s t ,  
w h ich  had b een  p a c k  c a r b u r l s e d  t o  v a r i o u s  c a r b o n  
l e v e l s ,  t h e  p e a r l l t e  r e a c t i o n  showed some I n t e r e s t i n g  
f e a t u r e s #  T h i s  and  t h e  g e n e r a l  t r a n s f o r m a t i o n  
c h a r a c t e r i s t i c s  o f  t h e  s t e e l  w e re  t h e n  made t h e  main  
f i e l d s  o f  s tu d y .
P r e v i o u s  Work,
A l a r g e  amount o f  w o rk  h a s  been  c a r r i e d  o u t  on 
t h e  t r a n s f o r m a t i o n  o f  a u s t e n l t e  t o  p e a r l l t e , The 
b u l k  o f  t h i s  h a s  b een  c o n c e r n e d  w i t h  e u t e c t o i d  s t e e l s  
and o n ly  a s m a l l  amount w i t h  t h o s e  s t e e l s  I n  w h ic h  
th e r e  i s  a  p r o - e u t e c t o l d  c o n s t i t u e n t .  The t r a n s ­
f o r m a t i o n  h a s  b een  s tu d ie d  when t h e  c o o l i n g  I s  
c o n t i n u o u s  and  a l s o  when th e  s t e e l  i s  quenched I n  a  
b a th  h e l d  a t  a  s u i t a b le  tem p erature below th e  low er . 
c r i t i c a l  t e m p e r a t u r e  and  m ain ta in ed  a t  th a t  tem perature  
u n t i l  th e  t r a n s f o r m a t i o n  I s  c o m p le te ,
The tr a n sfo r m a tio n  o f a u s t e n l t e  w i t h  e a c h  o f  th e se  
c y c l e s  may c o n v e n ie n t ly  be d i v i d e d  I n t o  two s t a g e s ,  
f i r s t l y  th e  fo rm a tio n  o f  t h e  p r o - e u t e c t o l d  c o n s t i t u e n t  
and  s e c o n d l y  t h e  fo rm a tio n  o f  p e a r l l t e #  T hese r e a c t i o n s  
may o c c u r  s e p a r a t e l y ,  th e r e  b e i n g  a  d i s t i n c t  in t e r v a l  
b etw een  th e  fo rm a tio n  o f  th e  p r o - e u te c to ld  c o n s t i t u e n t  
and  t h e  s t a r t  o f  th e  p e a r l l t e  r e a c t i o n ,  o r  t h e y  may 
o v e r la p  so  t h a t  th e  p r o - e u t e c t o l d  c o n s t i t u e n t ,  form in g  
f i r s t ,  I s  n o t  c o m p le te  b e fo r e  th e  p e a r l l t e  r e a c t i o n  
s t a r t s #
E a r l y  s y s t e m a t i c  s t u d i e s  o f  th e  t r a n s f o r m a t i o n  o f
a u s t e n l t e  when c o o le d  c o n t i n u o u s l y  were  made by 
c a r p e n t e r  & R o b e r t s o n  (2 )  who f o u n d  t h a t  when h y p o -  
e u t e c t o i d  s t e e l s  w ere  c o o le d  s l o w l y ,  f e r r i t e  formed 
f i r s t  a t  some s i t e s  on t h e  g r a i n  b o u n d a r i e s *  These  
a r e a s  grew and  when t h e  t r a n s f o r m a t i o n  was w e l l  
a d v a n c e d  ( a p p r o x i m a t e l y  50#  i n  low c a r b o n  s t e e l s )  
t h e y  s u r r o u n d e d  t h e  o r i g i n a l  a u s t e n l t e  g r a i n s *  When 
t h e  g r o w th  o f  f e r r i t e  was c o m p le te  t h e  r e s i d u a l  
a u s t e n l t e  t r a n s f o r m e d  I n t o  p e a r l l t e .  T h i s  b eh av iou r  
I s  t y p i c a l  o f  a l l  h y p o - e u t e c t o l d  s t e e l s *
When t h e  c o o l i n g  r a te  was i n c r e a s e d  th e  mode o f  
f o r m a t i o n  o f  f e r r i t e  changed* I n s t e a d  o f  th e  n u c l é a t i o n  
an d  g r o w t h  o f  I s o l a t e d  a r e a s  o f  f e r r i t e  a  c o n t i n u o u s  
n e tw o r k  o f  s m a l l  f e r r i t e  g r a i n s  d ev e lo p ed  v e r y  r a p i d l y *  
New f e r r i t e  g r a i n s  th e n  appeared In th e  a u s t e n l t e ,  
t h e i r  d i r e c t i o n  of  g r o w t h  b e i n g  r e l a t e d  t o  th e  
c r y s t a l l o g r a p h i c  o r i e n t a t i o n  o f  t h e  a u s t e n l t e *
C arpenter & R o b e r t s o n  foun d  th a t  th e  amount o f  f e r r i t e  
form ed d e c r e a s e d  a s  th e  cooLlng r a te  I n c r e a s e d ,  and 
s a y  th a t  a l l  p e a r l l t e  may be  form ed I n  a  s t e e l  o f  0 . 35#  
c a r b o n  I f  th e  r a t e  o f  c o o l i n g  I s  s u f f i c i e n t l y  h igh*
I t  was a l s o  fo u n d  t h a t  when t h e  tem p erature a t  
w h i c h  t h e  r e s i d u a l  a u s t e n l t e  t r a n s f o r m e d  t o  p e a r l l t e
was d e c r e a s e d  ( o r  t h e  c o o l i n g  r a t e  was i n c r e a s e d ) ,  
t h e  I n t e r l a m e l i a r  s p a c i n g  o f  p e a r l l t e  was re d u c e d *
T h ere  w a s ,  a s s o c i a t e d  w i t h  t h i s  a l t e r a t i o n  o f  c o o l i n g  
r a t e ,  a  change  I n  th e  mode o f  g ro w th  o f  p e a r l l t e *
The n e a r l y  s t r a i g h t  l a m e l l a e ,  t h a t  a r e  c h a r a c t e r i s t i c  
o f  p l a i n  c a r b o n  s t e e l s  c o o le d  a t  s low r a t e s ,  a r e  
r e p l a c e d  by a  r a d i a l  form  o f  g r o w th  when f a s t e r  c o o l i n g  
r a t e s  a r e  u s e d .  When t h e r e  was no p r o - e u t e c t o l d  
c o n s t i t u e n t ,  p e a r l l t e ,  w h ic h  h a s  t h e  r a d ia l  fo rm  o f  
g r o w t h  (p r e v io u s ly  term ed nod u lar o r  p r i m a r y  t r o o s t i t e ) 
n o r m a l l y  grew i n t o  th e  g r a in s  on e i t h e r  s i d e  o f  th e  
b o u n d a ry  b u t  t h i s  was n o t  n e c e s s a r i l y  s o .
C a r p e n t e r  & R ob ertson  found t h a t  w i t h  fu r th e r  
In cr ea se  In c o o l i n g  r a t e  th e r e  was a b reak  I n  
t r a n s f o r m a t i o n  u n t i l  a  tem p eratu re  o f  a p p ro x im a te ly
3 00^0  was r e a c h e d  when m a r te n s lte  was f o r m e d .
The c o n t i n u o u s  c o o l i n g  o f  a u s t e n l t e  h a s  b e e n  
fu r th e r  s tu d ie d  by many w orkers (e*g* B te v e n  &
Mayer (3 )  ) and t h e y  have p u b l i s h e d  c o n t i n u o u s  c o o lin g  
c u r v e s *  These c u r v e s  show t h e  t im e  n e c e s s a r y  f o r  t h e  
s t a r t  a n d  f i n i s h  o f  t r a n s f o r m a t i o n  and a l s o  I n  some 
c a s e s  th e  typ e  o f  t r a n s f o r m a t i o n  p r o d u c t *  These la t e r
6 .
w o r k e r s  have  shown t h a t  t h e  t e m p e r a t u r e  a t  w h ic h  
m a r te n s lte  s t a r t s  to  form  I s  d e c re a sed  when I t  I s
p r e c e d e d  by t h e  f o r m a t i o n  of  h a l n l t e .
The i s o t h e r m a l  t r a n s f o r m a t i o n  o f  a u s t e n l t e  h as  
"been s tu d ie d  hy many I n v e s t i g a t o r s *  R ob ertson  (4 )  
a n d  l a t e r  c l a s s i c a l  w ork  o f  D a v e n p o r t  & B a i n  (5 )  
l a i d  down t h e  b r o a d  o u t l in e  o f  th e  p a t h  t h a t  t h e  
r e a c t io n s  too k *  The g e n e r a l  c h a r a c t e r i s t i c s  o f th e  
tr a n s fo r m a tio n  p r o d u c t s  fo rm ed  a t  e l e v a t e d  t e m p e r a t u r e s  
a re  s im ila r  t o  t h o s e  w h i c h  a r e  found  w i t h  co n tin u o u s  
c o o l i n g *  At tem p era tu res j u s t  below th e  f e r r i t e  
I s  form ed f i r s t  from  a s e r i e s  o f  n u c l e l l  a t  th e  g r a in  
boundar l e  s * The se  th e n  grow a s  th e  t r a n s f  or mat Ion
p r o c ee d s  and when t h i s  I s  c o m p le te  la m e lla r  p e a r l l t e  
I s  form ed* A t low er tem p era tu res a sm a lle r  amount 
o f  g r a in  boundary f e r r i t e  I s  form ed and th en  a f i n e r  
p e a r l l t e *  At te m p e r a tu r e s , below th o se  a t w h ic h  
p e a r l l t e  c an  fo r m ,  s t r u c t u r e s  w h ich  have s in c e  been  
d e s ig n a te d  b a l n l t e  a re  found* The appearance and 
p r o p e r t ie s  o f  b a ln l t e  change w i t h  t h e  t e m p e r a t u r e  o f  
t r a n s f o r m a t i o n .  Those form in g a t  tem p era tu res j u s t  
above  th a t  a t  w h ich  m a r te n s lte  s t a r t s  t o  form  resem b le
7 .
t e m p e r e d  m a r t e n s l t e  (Thompson é J e p s o n  (6 )  have  
shewn t h a t  t h e y  a r e  t e m p e re d  m a r t e n s l t e ) ,  w h i l e  
th o s e  w hloh are  form ed a t  h ig h e r  tem p era tu res have  
v i s i b l e  c a r b i d e  p a r t i c l e s  and  a r e  som etim es  c a l l e d  
" fea th ery  b a l n l t e s " .
One a s p e c t  o f the tra n sfo r m a tIo n  o f  a u s t e n lt e  
w h ich  h as had much stu d y  I s  th e  phase r e s p o n s ib le
fo r  t h e  n u c l é a t i o n  o f  p e a r l l t e #  I n  1929 R o b e r t s o n  (4 )  
s t a t e d  th a t  I t  was Fe^O# T r o l a n o  & De Moss (? )  a g r e e d  
w ith  t h i s  and showed t h a t  w i t h  a  0 *89#  carbon s t e e l ,  
when t h e r e  was f r e e  c a r b id e  p r e s e n t ,  th e  tim e f o r  
p e a r l l t e  t o  form  a t  th e  maximum r a te  was 100 se cs#  
w h e r e a s  when t h e r e  was no c a r b id e  I t  was a p p r o x i m a t e l y  
30  mlns#
MOhl (8 ) s ta t e d  th a t  th e  n u c le u s  must e i t h e r  be
c a r b id e  or f e r r i t e #  W hile t h i s  may b e tru e  in  a pure
i r o n / c a r b o n  system  I t  I s  n o t  n e c e s s a r i ly  so  when th e r e
a r e  p r e s e n t  t h e  common m e t a l l i c ,  n o n - m e t a l l i e  and
g a s e o u s  I m p u r i t i e s  t h a t  are  found  In th e  m a jo r ity  o f
s t e e l s #  I t  h as b een  shewn In  o th e r  sy stem s t h a t  a n
I m p u r i t y  may be an a c t iv e  n u c le u s  e . g .  I n  th e  a l u m l n l u n ^
s i l i c o n  system  th e  a c t iv e  n u c le u s  I s  a lu m in iu m  phosphide #
(9 )
8 .
Mehl and h i s  co -w o rk ers h a v e , how ever, a body 
o f  e v i d e n c e  t h a t  s u p p o r t s  t h e  c o n t e n t i o n  t h a t  t h e  
n u c le u s  I s  o em en tlte*  H u ll & Mehl (1 0 )  a g reed  w ith  
T ro lan o  & De Moss t h a t  u n d l s s o l v e d  c a r b id e  was a  
v e ry  a c t i v e  n u c l e u s  f o r  p e a r l l t e  and  a l s o  found th a t  
f e r r i t e  was no t#  They showed t h a t  t h e  c e m e n tlte  I n  
p e a r l l t e  was o f t e n  c o n t i n u o u s  w i t h  p r o -e u te c to ld  
c e m e n t i t e  w h ic h  In d ic a te d  t h a t  th e  p e a r l l t l o  c e m e n tlte  
and th e  p r o - e u te c to ld  c e m e n tlte  had th e  same o r i e n t a t i o n  
w ith  r e s p e c t  to t h e  a u s t e n l t e  In w h ich  th e y  form ed and , 
t h e r e f o r e , In fe r  t h a t  th e  c a r b id e  n u c le a te d  p e a r l l t e • 
They s a i d  a l s o  th a t  t h i s  a u s t e n lt e  p la n e  had a  h ig h  
In dex  and t h e  p r e c i s i o n  was lo w #
G#V# Sm ith and Mehl (11 )  compared th e  o r ie n t a t io n  
o f f e r r i t e  w i t h  t h a t  o f  th e  a u s t e n l t e  In w h ich  I t  
formed# T h is  was done In c a s e s  where f e r r i t e  was 
known t o  n u c l e a t e  d i r e c t l y  from a u s t e n lt e  l# e#  In  Iron  
and in  h y p o -e u te c to id  s t e e l s  and  a l s o  I n  th e  f e r r i t e  
In p e a r l l t e .  The o r i e n t a t i o n  r e l a t i o n s h i p s  are  shewn 
In  T able 1# They w i l l  be s e e n  t o  d i f f e r  and f rom  t h i s  
I t  was deduced th a t  f e r r i t e  was n o t  an a c t iv e  n u c l e u s  
f o r  p e a r l l t e #
T a b l e  1*
I r o n
A u ste n lte F e r r i t e  p.loJy// f l l l j *
0*4# Oarbon S t e e l  
A u s te n lte  -  
P r o -e u t e c to ld  f e r r i t e
0 *8# Carbon S t e e l  
A u s te n lt e  -  
P e a r l l t l o  f e r r i t e
- or-
( i i D J f  II ( 1 1 0 ) 0^  f i i o j » ' / / f m j c x
( llO )îf( l (112 )* -  
(521)ifl(  (331)®^
f i i a l ï l l  fiio7*<
[331]lsll [321] Pi
0*0  -  0*4# Carbon S tee l
A u s te n lt e -m a r te n s l t e  ( l l l ) y  II (1 1 0 ) II[il l]
l l o d ln  (1 2 )  d i d  n o t a g r e e  t h a t  t h e  n u c l e u s  was 
c e m e n tlte  * f r o m  r e s u l t s  o f  ex p er im en ts  w i t h  s t e e l s  
o f  0 * 1 6 # , 0*32# and 0 *65#  ca rb o n , w h ich  had b een  
I s o th e r m a lly  tran sform ed  a t  695^0 foi* 12 h r s . ,  he  
s t a t e d  t h a t  p e a r l i t I c  f e r r i t e  was c o n t i n u o u s  w ith  
p r o - e u t e c t o ld  f e r r i t e  In about 30#  o f  th e  c a s e s  
in v e s t ig a t e d #  However, th e  p h otograp h s shown 
I n d ic a te d  th a t  th e r e  was In some c a s e s  a  d e f i n i t e  
boundary b etw een  th e  p r o - e u t e c t o ld  f e r r i t e  and th e  
p e a r l l t e ,  o th e r s  In w h ich  th e  boundary w as n o t so  
o b v io u s  and some w here th e r e  w as a boundary betw een  
p a r t s  o f  th e  p e a r l l t l o  a r e a s  bu t n o t  In o th ers*
10.
Modin a l s o  u sed  a  1#4# c a r b o n  s t e e l #  He 
t raf f isformed t h i s  s t e e l  I s o t h e r m a l l y  a t  675^0 t o  
g i v e  a  c o a r s e  p e a r l l t e  and  a l s o  c o o l e d  i t  
c o n t i n u o u s l y  a t  t h e  r a t e  o f  lo ^ C /m in .  t o  g iv e  a  
f i n e  p e a r l l t e .
T h i s  s e r i e s  o f  e x p e r i m e n t s  showed t h a t  I n  t h e  
f i r s t  c a s e  t h e r e  was a  d i s t i n c t  s e p a r a t i o n  betw een  
t h e  p r o - e u t e c t o l d  c e m e n t l t e  and  t h e  p e a r l l t l o  
c e m e n t l t e  a l t h o u g h  b o t h  h ad  t h e  same o r i e n t a t i o n  
ju d g e d  by o b s e r v a t i o n  u n d e r  p o l a r i s e d  l i g h t .  I n  
t h e  se c o n d  c a s e  t h e  p r o - e u t e c t o l d  c e m e n tlte  and  t h e  
p e a r l l t l o  c e m e n t l t e  w ere c o n t i n u o u s  a l t h o u g h  t h e  
o r i e n t a t i o n  c o u l d  n o t  be d eterm in ed  a s  th e  p e a r l l t e  
was  to o  f i n e ,  These  l a t t e r  o b s e r v a t io n s  a g reed  w ith  
t h o s e  of  Mehl an d  h i s  c o - w o r k e r s .  The d i s c r e p a n c i e s  
In th e  c a s e  o f  t h e  h y p o - e u t e c t o i d  s t e e l s  may be due 
t o  t h e  d i f f i c u l t y  o f  d e ter m in in g  t h e  p o s i t i o n  o f  a n  
I n te r fa c e  when t h e  d i f f e r e n c e  I n  o r i e n t a t i o n  o f  th e  
c r y s t a l s  on e i t h e r  s id e  o f  th e  b o u n d a ry  was s m a l l .
In  th e  c a s e  o f  th e  h y p e r -e u te c to ld  s t e e l s  th e r e  was 
a n  anom alous band o f  f e r r i t e  a r o u n d  t h e  p r o - e u t e c t o l d  
c a r b id e  w h i c h  I s  n o t  n o r m a l l y  f o u n d .  T h is I s  
p resum ably some form o f  d ivorcem en t or s p h e r o l d l s a t l o n
I I .
a s  I t  I s  d i f f i c u l t  t o  Imagin© why t h e  c a r b i d e s  
s h o u l d  have  a  common o r i e n t a t i o n  I f  t h e y  d i d  n o t  
h a v e  a  common n u c le u s *
0*S . B a r r e t t  (1 3 ) showed t h a t  In t h e  c o p p e r /  
s i l v e r  system  t h e  d i s c  o n t I n u o u s l y  p r e c i p i t a t e d  
s i l v e r  r i c h  s o l i d  s o l u t i o n ,  w h ic h  i s  fo rm ed  I n  
p r e c i p i t a t i o n  h a r d e n i n g ,  h a s  a n  o r ie n t a t io n  
r e la t io n s h ip  n ot w i t h  th e  g r a i n  I n  w h ic h  I t  fo rm s  
b u t  w ith  t h e  g r a i n  n e x t t o  I t *  T h is l e d  C * 3 . S m l t h ( l 4 )  
t o  su g g e s t  th a t  th e  la c k  o f  agreem ent b etw een  th e  
o r ie n t a t io n  o f  f e r r i t e  In p e a r l l t e  and a u s t e n l t e  
co u ld  be due to  I t  h a v in g  been  n u c le a te d  In  th e  
n e ig h b o u r in g  g ra in *  As th e  la c k  o f  r e la t io n s h ip  I s  
shewn n o t o n ly  In p o ly o r y s t a l s  b u t a l s o  In s in g le  
c r y s t a l s ,  S m ith 's  argum ent I s  u n l ik e ly  t o  b e  
g e n e r a l ly  v a l id *
H u l t g r e n ' s  (15 )  v iew  was t h a t  two "C" sh a p ed  
c u r v e s  f o r  th e  n u c lé a t io n  o f f e r r i t e  and  c e m e n tlte  
w ou ld  I n t e r s e c t  a t  some p o in t  $ I f  t h e  t r a n s f o r m a t i o n  
to o k  p l a c e  above t h i s  p o i n t ,  a  p r o -e u t e c t o ld  
c o n s t i t u e n t  w ould  form  f i r s t  and t h e n ,  when b o th  
c o u l d  be n u c l e a t e d ,  p e a r l l t e  w ould  form* I f  th e se
c u r v e s  COIncIdod a u s t e n l t e  would  t r a n s f o r m  d i r e c t l y  
t o  p e a r l l t e  and  i f  f e r r I t e  c o u ld  n u c l e a t e  a t  
t e m p e r a t u r e s  be low t h o s e  a t  w h ic h  p e a r l l t e  c o u ld  
form th e  p rod u ct was b a l n l t e .
N ic h o lso n  (1 6 ) d e v e l o p e d  t h e s e  i d e a s  an d  
s u g g e s t e d  t h a t  e i t h e r  f e r r i t e  o r  c e m e n t l t e  c o u ld  
n u c l e a t e  p e a r l l t e .  Ha s a i d  t h e  t im e  r e q u i r e d  t o  
n u c l e a t e  p e a r l l t e  was t h e  t im e  t o  n u c l e a t e  th e  p h a se  
f i r s t  f o r m e d ,  p l u s  t h e  tim e t o  n u c l e a t e  t h e  second  
p h a s e  a t  th e  a d v a n c in g  I n t e r f a c e  o f  t h e  f i r s t .  I f  
c e m e n t l t e  was th e  p h ase  t h a t  fo rm ed  f i r s t ,  and a s  I t  
w o u ld  be e x p e c t e d  t h a t  t h e  n u c l é a t i o n  r a t e  of  a phase  
w h ic h  p r e c i p i t a t e s  f ro m  a  s o l i d  s o l u t i o n  i n c r e a s e d  
w it h  t h e  d e g r e e  o f  s u p e r s a tu r a t io n , I t  w ould be 
a n t i c i p a t e d  th a t  t h e  r a t e  o f  p e a r l l t e  n u c lé a t io n  
w ould In c r e a se  w ith  th e  carb on  c o n te n t  o f  th e  s t e e l .  
Work by D lg g e s  (1 7 ) on p la in  carbon s t e e l s  In d ic a te d  
th a t  t h i s  was n ot s o ,  w hereas T ro lan o  & De Moss (1 0 )  
and T rolan o  & Lyman (1 8 ) showed th a t  p e a r l l t e  would  
n u c l e a t e  more, r e a d i l y  a s  t h e  c a r b o n  c o n t e n t  o f  t h e  
s t e e l  in c re a se d *
The "G" c u r v e s  f o r  th e  n u c lé a t io n  o f  f e r r i t e  and  
c e m e n t l t e  a r e  shewn s c h e m a t i c a l l y  I n  F ig u re  1 , AA b e in g
1 3
th e  curve fo r  f e r r i t e  and CO f o r  c e m e n t l t e . At 
t e m p e r a t u r e s  be low X c e m e n t l t e  w i l l  n u c l e a t e  f i r s t  
a n d  t h e  p e a r l l t e  i s  n u c le a te d  by c a r b id e ;  above X 
p r o - e u t e c t o ld  f e r r i t e  la  formed# As t h e  f o r m a t i o n  
o f  p r o - e u t e c t o ld  f e r r i t e  e n r ic h e s  th e  a u s t e n l t e  In  
carbon th e  c e m e n t l t e  I s  t h e n  n u c l e a t e d ,  n o t  a l o n g  0%, 
b u t  a lo n g  BX* W hether  p e a r l l t e  I s  n u c l e a t e d  by f e r r i t e  
or c e m e n tlte  may be In fe r r e d  by t h e  way I n  w h ic h  th e  
n u c l é a t i o n  o f  c em en tlte  and f e r r i t e  v a r i e s  w i t h
w
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F i g u r e  1* S c h e m a t ic  d i a g r a m  showing th e  v a r i a t i o n  
o f  n u c l é a t i o n  tim e o f  f e r r i t e  ( M ) and 
c e m e n t l t e  (CC) w i t h  t e m p e r a t u r e .
w
ct
3H
<Ct
UJ
UJ
H
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F ig u re  2 , F e/F e^  e q u ilib r iu m  diagram  I n d lo a t ln g  
th e  l i m i t s  o f  s u p e r e a tu r à t lo n  o f  a u s t e n lt e  
w ith  r e s p e c t  to  f e r r i t e  and cem en tlte »  and 
o f  f e r r i t e  w ith  c e m e n t l t e ,
In th e  Iror^ carb on  eyetem  shewn In F ig u re  2 th e  r a te  
o f  f e r r i t e  and c e m e n tlte  n u o le a t lo n  a t  tem p erature T 
w i l l  be z er o  a t  and a s  a t  th e s e  p o in t s  th e  
a u s t e n l t e  I s  su p e r sa tu r a te d  w1th  f e r r i t e  and c em e n tlte  
r e s p e c t iv e ly *  As th e  carbon c o n te n t  I s  d e c r e a se d  to  
th e  l e f t  o f  th e  r a te  o f  n u c l é a t i o n  o f f e r r i t e  
i n c r e a s e s  a n d  s im i la r ly  t h e  r a t e  o f  n u c lé a t io n  o f  
c e m e n tlte  I n c r e a s e s  a s  th e  carbon c o n te n t  In c r e a s e s
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from  Cg. There w i l l ,  th e r e fo r e »  he some p o in t  
betw een  th e s e  two ex trem es where th e  n u o le a t lo n  
r a te  o f  b o th  f e r r i t e  and c e m e n tlte  I s  e q u a l. The 
lo c u e  o f  th e s e  p o in t s  la  th e  l i n e  SL. I f  t h i s  la  
so  p e a r l l t e  in  h y p o * e u te o to ld  s t e e l s  may be nuoleaM  
by f e r r i t e  w h ile  p e a r l l t e  In  hyper^^euteotold  s t e e l s  
w i l l  be c e m e n tlte  n u c le a te d . In  a l lo y  s t e e l s  th e  
l i n e  SL may s lo p e  t o  th e  l e f t .  T h is  c o u ld  be cau sed  
by a r e d u c t io n  In th e  r a t e  o f  n u c lé a t io n  o f  f e r r i t e  
r e l a t i v e  t o  th a t  o f  c e m e n tlte  and In t h i s  c a se  hypo'^ 
e u t e c t o id  s t e e l s  may be n u c le a te d  by c a r b id e .
N ic h o lso n  s a id  th a t  t h i s  s im p le  r e a so n in g  may not be  
u sed  w ith  s t e e l s  In w h ich  th e  r a te  o f  n u c lé a t io n  o f  
th e  f i r s t  p h ase t o  form  I s  much g r e a t e r  th an  th e  
s e c o n d ,  a s  I n  t h i s  c a s e  a p ro -* eu teo to ld  c o n s t i t u e n t  
w i l l  form  and th e  r a te  o f grow th  o f  t h i s  p h ase  must 
be Included#
T h is  r e a so n in g  may be ex ten d ed  t o  th e  c o m p o sit io n
o f f e r r i t e  th a t  I s  i n  e q u i l i b r i u m  w i t h  a u s t e n l t e  a t  
t e m p e r a t u r e s  below  and  by e x t r a p o l a t i n g  l in e  AB 
(F ig * 2 ) th e  c o m p o s i t i o n  may be fo u n d . H u l t g r e n  (15)  
In d ic a te d  th a t  t h i s  was p o s s i b l e  and u sed  t h e  term s  
o r t h o f e r r i t e  and p a r a f e r r i t e .  He d e f in e d  o r t h o f e r r i t e
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a s  f e r r i t e  w h ich  d i f f e r e d  In c o m p o sit io n  from  th a t  
o f  th e  a u s t e n l t e  In w h ich  I t  form ed b o th  w ith  r e s p e c t  
t o  carbon and a l lo y  c o n te n t  ; w h ile  p a r a fe r r I te  had a 
carbon  c o n te n t  a c c o r d in g  t o  th e  m e ta s ta b le  e q u ilib r iu m  
and an a l lo y  c o n te n t  w h ich  was th e  same a s  th e  p a ren t  
a u s t e n l t e .  He s a id  th a t  when c o n fin e d  t o  low carbon  
s t e e l s  t h i s  was th e  same a s  m a r te n s lte .  T h is  v iew  
w as sh ared  by Dube (1 9 )  who In th e  d i s c u s s io n  on 
H u ltg r e n 's  paper p o in te d  out th a t  from th e  thermo-' 
dynam ics o f th e  tr a n s fo r m a tio n  I t  c o u ld  be e x p e c te d  
t h a t  th e  carbon c o n te n t  o f  th e  f i r s t  n u c le u s  w as much 
h ig h e r  th an  u s u a l ly  assum ed.
The g e n e r a l thermodynam ic c o n s id e r a t io n  f o r  th e  
d r iv in g  f o r c e  o f  a r e a c t io n  I s  th e  e x c e s s  o f  f r e e  
en ergy  o f  an u n s ta b le  p h ase  r e l a t i v e  to  th e  s t a b le  
p h a se .
When a  e u te c to id  r e a c t i o n  I s  c o n s i d e r e d  In w h ich  
a s o l i d  s o l u t i o n  ( a u s t e n l t e )  decom poses  to  a n o th er  
s o l i d  s o l u t i o n  ( f e r r i t e )  and a  compound (Fe^C) t h e r e  
w i l l  b e  f r e e  e n e r g y / c o m p o s i t i o n  c u r v es  fo r  e a c h  o f  
th e  s o l i d  s o lu t io n s  and th e  compound. When th e  
tem p eratu re  I s  h ig h  th e  f r e e  en ergy  o f  th e  a u s t e n lt e
17 ^
i s  loYf th à t  o f  th é  f é r r l t é  and I s  h igh*'
As th e  tem p ératu re  f a l l s  th e  s t a b i l i t y  o f  th e  a u s t e n l t e  
d e c r e a s e s  ( th e  cu rve  r i s e s )  w h ile  th a t  o f  th e  f e r r i t e  
and ca m e n tlte  In c r e a s e s  (th e  c u r v e s  move dow nw ards), ^
cxcxc %
F ig u r e  3 ,  Sch em atic  f r e e  e n e r g y /c o m p o s it io n  c u r v es  
fo r  s t e e l  h etw een  and ( T i ) ,  Ai (To) and 
below  (T ^ ),
U sin g  th e  p r in c ip le  o f  common ta n g e n ts  a t  tem p eratu re  
( F ig #3) A u s te n lte  w i l l  f i r s t  he In e q u lllh r lu m  w ith  
f e r r i t e  when th e  carb on  c o n te n t  o f  th e  s t e e l  I s  low , 
w h ile  In h l^ h  carbon s t e e l s  I t  w i l l  be In e q u ilib r iu m  
w ith  c e m e n t lte .  A t t h e  e u t e c t o i d  t e m p e r a t u r e  (Tg) 
th e r e  w i l l  be a common ta n g e n t t o  a l l  th r e e  cu rv es  
and  f i n a l l y j  a t  t e m p e r a t u r e s  be low  t h i s ,  f e r r i t e  w i l l
18,
be I n  e q u i l i b r i u m  w i t h  Fe^C. The o o m p o s l t i o n  o f  t h e  
f e r r i t e  f i r s t  fo rm ed  may b e  i n f e r r e d  f rom t h e s e  c u r v e s  
and  w i l l  be  a f f e c t e d  by t h e  p o s i t i o n  o f  t h e  a u s t e n l t e  
an d  f e r r i t e  c u r v e s  w i t h  r e s p e c t  t o  t h e  carbon c o n te n t  
o f  t h e  s t e e l *  When t h i s  I s  l e s s  t h a n  0 ( F i g *4) t h e  
f r e e  en erg y  o f  f e r r i t e  I s  l e s s  th a n  th a t  o f  a u s te n lt e *
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F i g u r e  4* F r e e  e n e r g y / c o m p o s i t i o n  c u r v e s  showing
p o s s i b l e  ch an ges In th e  c o m p o sit io n  of  f e r r i t e  
a s  a u s t e n l t e  tran sform s*
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Under th e s e  o o n d lt lo n e  Hardy & E ea l (2 0 ) have p o in te d  
o u t  th a t  a  m a r t e n s I t i o  t r a n s f o r m a t i o n  may t a k e  p l a c e  
I f  th e  f r e e  e n e r g y  ch ange  I s  s u f f i c i e n t l y  l a r g e .  I f  
t h i s  i s  n o t  p o s s i b l e  t h e  change  may ta k e  p la c e  by th e  
I n i t i a l  f o r m a t i o n  o f  f e r r i t e  o f  h i g h  c a r b o n  c o n t e n t  
w h i c h  d e c r e a s e s  a s  t h e  t r a n s f o r m a t i o n  c o n t i n u e s  a s  
shewn by 0^ , Cg # . . .  ( P ig .4 )*  The way in  w h ich  th e  
r e a c t i o n  p r o c e e d s  w i l l  b e  g o v e rn e d  by th e  r e l a t i v e  
p o s i t i o n s  o f  X, X a n d  Z ( F i g . 4 )#  When th e  t r a n s ­
f o r m a t i o n  t e m p e r a t u r e  I s  h i g h  th e  f r e e  en ergy  c h a n g e ,  
a u s t e n l t e  t o  f e r r i t e ,  w i l l  be sm a ll and , t h e r e f o r e ,  
t h e  secon d  mechanism I s  more l ik e ly #  As t h e  
tr a n s fo r m a tio n  t e m p e r a t u r e  o r  carbon  c o n te n t  o f  th e  
s t e e l  I s  r e d u c e d  th e  f r e e  energy ch an ge , a u s t e n l t e  
t o  f e r r i t e ,  I n c r e a s e s  and, t h e r e f o r e ,  a m a r t e n s l t l c  
tr a n s fo r m a tio n  becom es more l i k e l y  and w i l l  o c c u r  
w i t h o u t  d i f f u s i o n .
The p o in t  o f  I n t e r s e c t i o n  o f  th e  a u s t e n l t e  and
f e r r i t e  c u r v e s  f o r  t h i s  t y p e  o f  s t e e l  i s  n o t  known 
b u t  a s im ila r  c u r v e  was c a l c u l a t e d  by F i s h e r  (21)  
f o r  3/6 chromium s t e e l s .  He showed t h a t  f o r  a 0# 
carb on  s t e e l  t h e  M ( t h e  p o in t  w here th e  f r e e  energy
o f  s u p e r s a t u r a t e d  f e r r i t e  and a u s t e n l t e  a r e  e q u a l )
2 0.
would  be  TOO^C and f o r  a  0 , 4 5 ^  c a r b o n  s t e e l  I t  was 
6 QOPC0 T h e s e  v a l u e s  may be e x p e c t e d  t o  be  r a t h e r  
l o w e r  t h a n  t h o s e  o f  t h e  lo w er  a l l o y  s t e e l s  u s e d  I n  
t h i s  work*
The c o n c l u s i o n  drawn f rom  a  stu d y  o f  th e  
l i t e r a t u r e  I s  th a t  t h e r e  I s  no u n a n im i ty  a s  t o  t h e  
n a t u r e  o f  t h e  n u c l e a t i n g  phase o f p e a r l l t e  and w h i l e  
c h a n g e s  o f  c a r b o n  c o n t e n t  I n  f e r r i t e ,  a s  t r a n s f o r m a t i o n s  
p r o c e e d ,  h a v e  b e e n  s u g g e s t e d  t h i s  h a s  n o t  b een  v e r i f ie d *
The a c t u a l  fo rm  o f  p e a r l l t e  h a s  n o t  h a d  a  g r e a t  
d e a l  o f  s t u d y  e x c e p t  c l a s s i c a l  work  ( 2 2 ) w h i c h  shewed 
a  r e l a t i o n s h i p  b e tw e e n  t h e  I n te r la m e lia r  s p a c i n g  and  
t h e  r e c i p r o c a l  o f  t h e  a b s o l u t e  t e m p e r a t u r e  and  
g e n e r a l  s t a t e m e n t s  o f  t h e  t y p e  **S i l i c o n  s t e e l s  h av e  
p e a r l l t e  w i t h  s t r a i g h t  la m e lla e " . I t  h a s  a lw a y s  b een  
a ssum ed  t h a t  p e a r l l t e  I s  l a m e l l a r  and  i f  i t  i s  o b s e r v e d  
t h a t  I t  I s  s p h e r o i d a l  I t  i s  u s u a l l y  s a i d  t h a t  t h e  r a t©  
o f  f o r m a t i o n  I s  so  low ,  a s  I t  I s  w i t h  a l l o y  s t e e l s ,  
t h a t  t h e  p e a r l l t e  s p h e r o l d l s e s  a s  I t  f o r m s  *
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EXPERIMENTAL#
P r e p a r a tio n  o f  s p e c i m e n s #
The m a t e r i a l  u s e d  i n  t h i s  w o rk  was a l l  f rom  one 
h a tc h  o f  com m ercial f r e e  c u t t in g  a t e e l  EN 202 , th e  
a n a l y s i s  o f  w h ic h  was c a r b o n  0 *15# ,  s i l i c o n  0 *10# ,  
su lp h u r  0 *126# ,  phosphorus 0 ,0 2 4 # , m anganese 1 , 2#  
su p p lie d  In  th e  fo rm  o f  ro d  1 5 /5 2 "  d iam eter*  T h is  
rod was c o ld  r o l l e d  t o  0 .0 2 5 "  f o r  th e  I n v e s t i g a t i o n  
o f  th e  low c a r b o n  s t e e l  w h ile  th e  m a te r ia l  fo r  t e s t s  
on h ig h e r  carb on  s t e e l s  was red uced  t o  0 *180", 0 *086", 
0*075*  aod 0 ,0 5 1 * . These  w ere  t h e n  p a c k  c a r b u r l s e d  
t o  a  d ep th  o f 0*051** T h i s  c a r b u r l s e d  s t r i p  was 
hom ogenised In vacuum a t  1 ,0 0 0 ^ 0  t o  g iv e  un iform  
c a r b o n  c o n t e n t s  o f  0 * 4 # ,  0 *6 # ,  0 ,8 #  and  1 ,1#*  I t  was 
f i n a l l y  c o l d  r o l l e d  t o  0 *025" b e fo r e  b e i n g  hom ogenised  
f o r  a  fu r th e r  24 h r s *  a t  1 , 000% ,
The s t r i p  th a t  s h o u l d  have g iv e n  a c a r b o n  c o n t e n t  
o f  0*8# d i d  n o t  a t  f i r s t  c a r b u r ls e  s u f f i c i e n t l y  and
was r e c y c l e d  i n  a n  a t t e m p t  t o  c o r r e c t  t h is *  I t  was 
u n s u c c e s s fu l  and  t h i s  b a t c h  o f  m a t e r i a l  was abandoned  
a s  I t  was r e q u i r e d  t o  ca rry  ou t th e  work on s t e e l
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whose a n a l y s i s  was c o n s t a n t  e x c e p t  f o r  v a r i a t i o n s  In  
c a r b o n  c o n t e n t #
When t h e  r e q u i r e d  c a r b o n  c o n t e n t  had  b e e n  o b ta in ed  
d l l a t o m e t e r  sp e c im e n s  w ere  c u t  ( 2&* lo n g , w ide  w i t h  
2 h o l e s  d i a m e t e r  d r i l l e d  a t  2" c e n t r e s )  and  f i n a l l y  
n i c k e l  p l a t e d  t o  p r e v en t d é c a r b u r i s a t i o n  d u rin g  
a u s t e n l t i s l n g *  The sp e c im e n s  f o r  m i c r o s c o p i c  
e x a m i n a t i o n  w ere  l o n g ,  ç "  w i d e ,  0*025"  t h i c k  and 
a s  t h e y  w ere  t o  be  a u s t e n l t l s e d  in  a l e a d  b a th  n i c k e l  
p l a t i n g  was n o t  n e c e s s a r y #
D lla to m e tr y * _
As th e  p r e lim in a r y  ex p e r im en ts  had shewn th a t
th e  r a t e  o f  t r a n s f o r m a t i o n  was very  h i g h ,  i n  some 
c a s e s  s t a r t i n g  I n  l e s s  th an  2 se c s*  and b e i n g  com p lete  
In  5 s e c s . ,  w h i l e  in  o t h e r  c a s e s  t h e  r e a c t io n  was n o t  
co m p lete  in  24 h r s , ,  t h e  r e q u i r e m e n t s  o f  t h e  d l l a t o m e t e r  
w ere c l e a r .
Owing t o  th e  s h o r t  I n c u b a t i o n  p e r io d , th e  t r a n s f e r  
o f  th e  sp ec im en  f rom  t h e  a u s t e n l t i s l n g  fu rn a ce  t o  th e  
t r a n s f o r m i n g  fu rn a ce  must be rap id *  The c o o lin g  o f  
th e  sp e c im en  s h o u l d  be  f a s t ;  I t  sh o u ld , t h e r e f o r e ,  be
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a s  t h i n  a s  p o s s i b l e  and  n o t  s h i e l d e d  by t h e  d l l a t o m e t e r  
The t r a n s f o r m i n g  b a t h  s h o u l d  have  a  h i g h  h e a t  c a p a c i t y  
so  t h a t  t h e  v a r i a t i o n  o f  t e m p e r a t u r e  d u r i n g  t h e  more 
r a p i d  t r a n s f o r m a t i o n s  I s  m in im ised . The r e a d i n g s  of  
ch ange  o f  l e n g t h  and t im e  m ust  be  a b l e  t o  b e  t a k e n  
q u ic k ly  and a u to m a t ic a l ly .  As In  some c a s e s  t h e  
tr a n s fo r m a tio n  c o n t i n u e d  f o r  h o u r s  t h e  i n t e r v a l  
b e tw e e n  r e a d i n g s  s h o u l d  be v a r i a b l e .
The t y p e  o f  a p p a r a t u s  c h o s e n  was s i m i l a r  t o  t h a t  
u sed  by F l l n n  e t  a l  ( 25 ) th e  diagram  o f  w h i c h  i s  shewn 
i n  F ig*  5 and t h e  g e n e r a l  view In P la t e  1 .  The 
d lla to m e te r  I s  shewn I n  P la t e  2 and c o n s i s t e d  o f  a  
s i l i c a  tu b e  i n  w h ic h  I s  a  l o o s e l y  f i t t i n g  s i l i c a  rod# 
Fused  t o  t h e  end o f  t h e  r o d  and tube a r e  s i l i c a  ho ok s  
w h ich  h o ld  th e  sp ec im en . The upper end o f  th e  tube  
was  f la n g e d  and h e l d  In a c a s t  Iron  head by a g lan d  
and p a ck in g  o f  f i r e c l a y .  The rod p a sse d  th rou gh  th e  
tu b e  and had on th e  to p  o f  i t  a t i g h t l y  f i t t i n g  m e t a l  
cap w h ic h  was r e c e s s e d  to  r e c e i v e  t h e  d i a l  gauge stem# 
The combined w e ig h t o f th e  s i l i c a  rod and th e  t e n s io n  
o f  th e  d i a l  gauge sp r in g  were s u f f i c i e n t  t o  h o ld  t h e  
sp ecim en  f ir m ly  In  p la c e  on t h e  hooks w i t h o u t  b e in g  
o f  s u f f i c i e n t  m agnitude t o  a f f e c t  th e  tr a n s fo r m a tio n .
24.
Wbfter cooing ring
Upper limit of furnace travel
Austenltislng Furnace
Specimen
Transforming Furnace
Lead
F i g u r e  5 . Diagram  o f . t h e  d l l a t o m e t e r  and  t h e
a s s o c i a t e d  f u r n a c e s .
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P l a t e  1 .  G e n e r a l  view cf t h e  a p p a r a t u s .
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P l a t e  2* G e n e r a l  view of  t h e  d l l a t o m e t e r .
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The dil&tomotep w&8 mounted aa th a t two hole# In the 
baae of the head engaged o& lug8 on top of a water 
ooolod ring  which was in tu rn  mounted on a separate 
frame to  prevent the dllatomotor being affected  by 
extern&l ahocka when the furnacea were moved#
The furn&oee, which had firec lay  tuboa, were 
wound with #ichrome; the lower one had a mild e tee l 
lin ing  to contain the lead* They were individually 
mounted on fr&aea, the lead bath under the auetenitlelng  
furnace and counterbalanced eo th a t they would move 
eaa ily . The upper furn&ce had a e tee l extenGion tube 
which projected down from the lower end and was partly  
immersed in the lead. This had two e ffec ts  (a) to  
sea l o ff the lower end of the furnace and prevent 
Ingrese of a ir  so there #&& not a marked temperature 
gr&dient and (b) to  ensure tha t the atmosphere in 
the furnace arose mainly from the oxidation of oharco&l, 
placed && a thermal and oxidation shield over the lead, 
which would minimise scaling and décarburisation*
The furnaces were so arranged tha t in the lowered 
position  the specimen on the dllatom eter was in the 
hot zone of the ousten itising  furnace while when they
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w ere  r a i s e d  t h e  sp e c im en  was I n  th e  l e a d  h a t h .  I n  
t h e  u p p e r  p o s i t i o n  t h e  a u s t e n l t i s l n g  f u r n a c e  was h e l d  
up by s p r i n g  c l i p s  so t h a t  t h e  l e a d  h a t h  c o u l d  h e  
l o w e re d  and t h e  s p e c im e n  removed f o r  m i c r o - e x a m I n a t I o n  
w i t h o u t  p a s s i n g  t h r o u g h  t h e  u p p e r  f u r n a c e  a n d  t h u s  
a l t e r i n g  t h e  m ic ro  s t r u c t u r e .
The t e m p e r a t u r e  w as  c o n t r o l l e d  hy S un v ic  Energy  
R e g u l a t o r s  w i t h  an  o v e r r i d i n g  m e c h a n i c a l  c o n t r o l l e r  
w h i c h  gave  t e m p e r a t u r e  v a r i a t i o n s  in  t h e  a u s t e n l t i s l n g  
f u r n a c e  o f  i  10°C a n d  in  t h e  l e a d  h a t h  ^  2?C.
The change  in  l e n g t h  of  t h e  spec im en  was r e c o r d e d  
hy p h otograp h in g  th e  d i a l  gauge and a s to p  w atch  ( in  
t h e  l a t e r  s ta g e s  o f  e x p e r i m e n t s  a p o c k e t  w a t c h )  
s i m u l t a n e o u s l y  a t  a  s p e e d  o f  16 f r a m e s / s e c #  f o r  t h e  
q u e n c h in g  p e r io d  and  f o r  th e  f i r s t  10 s e e s ,  o f  
t r a n s f o r m a t i o n .  A fte r  t h i s  r e a d i n g s  were  p h o t o g r a p h e d  
e v e r y  2 s e c s ,  f o r  2 m i n s . ,  e v e r y  |  m i n . f o r  t h e  n e x t  
h r . and  t h e n  e v e r y  ^  h r .  up t o  a  maximum t im e  o f  
24 hrs*  - -
The a c c u r a c y  o f  t h e  r e a d i n g s  o f  t h e  d l l a t o m e t e r  
w ere  c h e c k e d  u s i n g  a n  a u s t e n l t l c  s t a i n l e s s  s t e e l  
sp e c im e n  of  t h e  same s i z e  a s  t h e  t e s t  specim en  w h ic h
29 ,
was h e a t e d  to  920^ 0 f o r  i  hr* ( t h e  s t a n d a r d  c o n d i t i o n s ) > 
th en  quenched  I n  a  l e a d  h a t h  h e l d  a t  t e m p e r a t u r e s  
b etw een  300 an d  600*^0* A t y p i c a l  c u rv e  I s  shewn I n  
F ig*  6 *'
60
80
A
LOG t im e  s e c .
F i g u r e  6 # C o n t r a c t i o n  o f  a u s t e n l t l c  s t a i n l e s s  
s t e e l  when quenched  f rom  920^C t o  600^C*
The d i f f e r e n c e s  b e tw e e n  th e  o b s e r v e d  c u rv e  and  
t h e  t h e o r e t i c a l  c u r v e  may be  e x p l a i n e d  by t h e  c h a n g e s  
I n  l e n g t h  o f  t h e  d l l a t o m e t e r  a s  i t  i s  h e a t e d  by t h e  
a u s t e n l t i s l n g  f u r n a c e  and  c o o le d  by  t h e  le a d  b a th .
In th e  p a r t  o f  t h e  c u r v e  AB t h e  f u l l  c o n t r a c t i o n  i s  
n o t r e c o r d e d  a s  t h a t  p a r t  o f  t h e  s i l i c a  r o d  In th e  
l e a d  b a th  i s  a l s o  c o n t r a c t i n g  a n d  t h i s  w i l l  r e g i s t e r
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a s  a n  a p p a r e n t  e x p a n s i o n  on t h e  c u r v e .  Between  B 
and 0 t h e  t u b e  o f  t h e  d l l a t o m e t e r  i s  e x p a n d in g  a n d ,  
t h e r e f o r e ,  when t h e  sp e c im en  s t a y s  t h e  same l e n g t h  
t h e  r o d  w i l l  d r o p ,  I n d i c a t i n g  e x p a n s i o n  of  t h e  specim en , 
A s i m i l a r  a rg u m e n t  may be a d v an c ed  t o  a c c o u n t  f o r  t h e  
c o n t r a c t i o n  when th e  c e n t r a l  s i l i c a  r o d  e x p a n d s  b etw een  
D a n d  E# T hese c h a n g e s  t o o k  p l a c e  a t  r e p r o d u c i b l e  
t im e  i n t e r v a l s  and  t h e y  w e r e ,  t h e r e f o r e ,  u s e d  t o  
c o r r e c t  t h e  o b s e r v e d  t r a n s f o r m a t i o n  c u r v e s .
The r a t e  o f  c o o l i n g  t h a t  was a c h i e v e d  may be  
j u d g e d  f rom  t h e  f i r s t  p a r t  o f  t h e  d l l a t o m e t e r  c u r v e .
In t h i s  s t a g e ,  I f  t h e r e  was no t r a n s f o r m a t i o n ,  t h e  
change  o f  l e n g t h  o f  th e  sp e c im en  r e p r e s e n t e d  th e  
t h e r m a l  c o n t r a c t i o n  o f  a u s t e n i t e .  The t h e r m a l  
c o n t r a c t i o n  o f  a u s t e n i t e  i s  s a i d  t o  be  u n i f o r m  i n  a l l  
t e m p e r a t u r e  r a n g e s  and t h e  c o n t r a c t  io n , t h e r e f o r e , 
be  u sed  t o  c a l c u l a t e  t h e  c o o l i n g  r a t e #
In a l l  c a s e s  t h e  c o o l i n g  r a t e  a t  f i r s t  I s  v e r y  
r a p i d  and a  t e m p e r a t u r e  100^0 above  b a t h  t e m p e r a t u r e  
i s  r e a c h e d  i n  a b o u t  l / 3 r d  sec*  A fte r  1 s e e * , t h e  
sp e c im en  t e m p e r a t u r e  h a s  d ro p p e d  t o  10^0 above  
t r a n s f o r m a t i o n  t e m p e r a t u r e  and  i s  a t  t r a n s f o r m a t i o n  
t e m p e r a t u r e  in  2 s e c s *  The r a t e  o f  c o o l i n g  o f  th e
3 1 .
apesimona between 6ùO and '2,0000# per
see* and dependa on'the température ef the lead b&th#
M l o r o s o o p l c  E x a m i n a t i o n #
The sp e c im e n s  f o r  m i c r o s c o p i c  e x a m i n a t i o n  were  
made s e p a r a t e l y  i n  two le a d  b a th s ;  one f o r  
a u s t e n l t i s l n g  a n d  th e  o t h e r  f o r  t r a n s f o r m i n g  th e  
specim en; and a w a t e r  q u e n c h in g  t a n k  t o  s t o p  t h e  
tr a n s fo r m a tio n  a f t e r  th e  r e q u ir e d  tim e^
The l e a d  was h e l d  i n  s t a i n l e s s  s t e e l  p o t s  
a p p r o x i m a t e l y  6  ^ x 4 * x 4 ” and h e a t e d  e x t e r n a l ly  by 
Hichrome r e s i s t o r s  on r e f r a c t o r y  r o d s .  The sp ecim en s  
w ere  w i r e d  on  t o  h o ld e r s  w h ic h  w ere  a r r a n g e d  so  th a t  
t h e y  c o u ld  be t r a n s f e r r e d  r a p i d l y  f rom  one b a t h  t o  
a n o th er  on a  ^ p a r a l le l  r u le r *  ty p e  o f  m echanism .
T h ere  was a  seco n d  mechanism t o  t r a n s f e r  th e  specim en  
from  t h e  le a d  b a t h  to  th e  w ater  q u e n c h in g  ta n k . The 
tim e o f t r a n s f e r  f rom one b a th  t o  th e  o t h e r  was of  
th e  o r d e r  o f  0 . 4  s e c s .  The t e m p e r a t u r e  o f  t h e s e  b a t h s  
was c o n t r o l l e d  by b a s e  m e t a l  t h e r m o c o u p l e s  w h ic h  were  
u s e d  in  c o n j u n c t i o n  w ith  com m ercial c o n t r o l l e r s  w h ich  
h e l d  th e  tem p eratu re  o f  th e  a u s t e n l t i s l n g  b a th  t o  -  10^0
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and th é  tr a n sfo r m in g  b a th  t o  ±  g e n e r a l
arrangem ent o f  th e  ap p a ra tu s la  shewn In  P la t e  3 
and th e  c o n s tr u c t io n  l a  p ig*  7#
M lorohardnees T e s t s ,
M lorohardness t e s t a  on  f e r r i t e  w ere made u s in g  
8 s ta n d a rd  H a ll  T eleph one M lorohardness t e s t e r .  T h is  
m achine h as a stan d ard  V ic k e r s  136& diamond pyram id  
In d en ter  and a dead lo a d  w h ich  ra n g es  from 1 -  100 gms# 
In  t h i s  work th e  1 gm, load  had t o  be u sed  a s  th e  
a r e a s  under t e s t  w ere so  sm a ll*
F i g u r e  7ê C o n s t r u c t i o n  o f  t h e  a p p a r a t u s  f o r  t h e  
p r e p a r a t i o n  o f  sp e c im e n s  f o r  m i c r o s c o p i c a l  
exam in ation *
A A u s t e n l t i s ln g  f u r n a c e *
B T ransform ing fu rn ace*
C Q uenching tank*
D T ra n sfer  mechanism*
2  O p eratin g  c o r d .
F , Specim en h o ld er s*
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P l a t e  3 . G e n e r a l  a r r a n g e m e n t  o f  t h e  a p p a r a t u s  
f o r  t h e  p r e p a r a t i o n  of  sp e c im e n s  f o r  
m i c r o s c o p i c  e x a m i n a t i o n .
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Bliâtornet r y *
f h a  d i l a t o m e t r l e  s t u d i e s  gave c u r v e s  w h ic h  
i n d i c a t e d  t h é  m ain  f e a t u r e s  o f  t h e  t r a n s f o r m a t i o n  
"behaviour  and  c l e a r l y  showed t h e  s t a r t  and  f i n i s h  
o f  t h e  r e a c t i o n .  These  c u r v e s  may he d i v i d e d  i n t o  
f i v e  c l a s s e s .
1 ,  S t e e l s  i n  w h ic h  p r o - e u t e c t o l d  f e r r i t e  fo rm ed  
r a p i d l y  a t  f i r s t .  The r a te  o f  fo rm a tio n  
d e c re a sed  and f i n a l l y  th e r e  was no ap p aren t  
change in  le n g th  u n t i l  th e  r e s id u a l  a u s t e n it e  
t r a n s f o r m e d  t o  p e a r l l t e .  ( F ig .  8 /1  0 .1 5 /  carbon
s t e e l  tran sform ed  a t  6 7 cP G .).
2 , When a u s t e n i t e  tran sform ed  d i r e c t ly  w ith o u t any 
p r o - e u t e c t o l d  s e p a r a t i o n  or  a l t e r n a t i v e l y  th e  
p r o - e u t e c t o i d  p h a s e  a n d  t h e  t r a n s f o r m a t i o n  p rod u ct  
fo rm ed  s i m u l t a n e o u s l y  t h e r e  b e in g  a c o n t i n u o u s  
e x p a n s i o n  f rom  t h e  s t a r t  t o  t h e  f i n i s h  o f  th e  
r e a c t i o n .  ( F i g .  8 /2  0 . 6/  c a r b o n  s t e e l  tran sform ed  
a t  5 5 0 °C ).
3* H igh carbon  s t e e l s  in  w h ich  c e m e n tite  was form ed  
a t  th e  g r a in  b o u n d a ries  v ery  r a p id ly .  In  t h i s
cage  t h e r e  waa a  c o n t r a c t i o n  b e f o r e  t h e  a u s t e n i t e  
s ta r t e d  to  tran sform  and f i n a l l y  an e x p a n s io n  a s  
th e  a u s t e n i t e  tran sform ed  t o  p e a r l l t e ,  (Fig# 8 /3  
1 , 1^ carbon s t e e l  tran sform ed  a t  620G0 ) ,
20
o
5
80
LOG TIME SEC.
F i g u r e  8 . D i l a t i o n / f l m ©  c u r v e s ,
1* 0 *15^  carb on  s t e e l  tran sform ed  a t 67QO0.
2 . 0 ,6 ^  carbon s t e e l  tra n sfo rm ed  a t  550O0,
3* 1#1# carbon s t e e l  tran sform ed  a t  6 2 0 °0 ,
4> When t h e  s t e e l  i s  t r a n s f o r m e d  below t h e  Mg t h e  
r e s id u a l  a u s t e n i t e  t r a n s f o r m s  to  b a i n i t e .  In
37
t i l l s  oasG t h e  i n i t i a l  c o n t r a c t i o n  I s  s m a l l e r  
th an  th e  c a lc u la t e d  c o n tr a c t io n  and th e r e  I s  a 
sm a lle r  ex p a n s io n  on tr a n sfo r m a tio n  a s  th e  amount 
o f  r e s id u a l  a u s t e n i t e  i s  d e o r e a se d i ( P ig .  9 /4  
0 *4 ^  c a r b o n  s t e e l  tran sform ed  a t  350^0
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F ig u re  9« D lla t lo n /T lm e  c u r v e s , _
4 , 0*4# c a r b o n  s t e e l  tran sform ed  a t  350^ 0 # 
5» G .ig^ carb on  s t e e l  tran sform ed  a t  250O0*
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5* S t e e l s  t h a t  were quenched t o  t e m p e r a t u r e s  n e a r  
t h e  Mjp w h ich  shewed a c o n t r a c t i o n  when t h e  
m a r t e n s i t e  t e m p e r e d .  (F ig*  9 / 5  0 . 1 5 /  c a r b o n  
, s t e e l  t r a n s f o r m e d  a t  250^ 0 ) .
The m a jo r ity  o f  c u r v e s  w ere  I n  g r o u p s  1 o r  2 .
I n  th e s e  c a s e s ,  where  medium and h i g h  c a r b o n  s t e e l s  
were u s e d ,  th e  c o n tr a c t io n  when th e  s t e e l  was quenched  
was e q u a l  t o  t h e  c a lc u la te d  c o n t r a c t i o n  o f  a u s t e n it e  
on c o o lin g  from  a u s t e n l t i s l n g  to  tr a n sfo r m a tio n  
tem p era tu re .
There i s ,  h o w e v e r ,  a n  e x c e p t io n  t o  t h i s  In t h e  
c a s e  o f  t h e  low c a r b o n  s t e e l  tran sform ed  a t  
tem p era tu res below  670^0* In t h i s  c a se  th e  o b served  
c o n tr a c t io n  I s  l e s s  th an  I s  e x p e c te d  and i t  I s  u s u a l ly
c o n s i d e r e d  t o  be due to  th e  f o r m a t i o n  o f  f e r r i t e .
The tem p eratu re  a t  w h ic h  m a r t e n s i t e  s t a r t e d  t o  
form cou ld  n o t be f o u n d  by th e  method o u t l i n e d  by 
G r e n l g e r  & T rolan o  ( 24 ) a s  t h e  tim e a v a i la b le  f o r  th e  
trea tm en t was t o o  s h o r t .  T h i s  t r e a t m e n t  c o n s i s t e d  o f  
quench ing th e  s t e e l  t o  below  th e  Mg tem p er a tu r e ,  
r e h e a t in g  to  a h i g h e r  t e m p e r a t u r e  so  t h a t  t h e  m a r t e n s i t e
w h loh  h&d form ed tem p ered , th e n  a f t e r  a secon d  
qu en ch in g  th e  amount o f  tem pered m & rtenalte w&a 
a s s e s s e d  by m icr o sc o p y , The M may be c a lc u la t e d  
from  form u lae qu oted  by v& rlous a u th o r s  making th e  
a ssu m p tio n  t h a t  o f  th e  t o t a l  q u a n t ity  o f  manganese 
a s t o ic h io m e t r ic  amount i s  p r e s e n t  a s  Mn8, th e  bai& nce 
b e in g  a v a i la b le  a s  &n a l lo y in g  e lem en t#  The r e s u l t s  
a r e  shown in  T ab le 2 ,
TABtB 2*'
Carbon C ontent 0 . 15^ 0.4?J 0 .6 # 1 .1 #
P aysan  & Savage ( 25 ) 457 373 315 157
C a r a p e lla  ( 26 ) 450 363 300 143
S te v e n  & Haynes (2 7 ) 4 5 7 339 244 8
p r e s e n t  Work 670 374 330
To v e r i f y  t h i s  e x p e r im e n ta lly  th e  th erm al c o n tr a c t io n  
o f a u s t e n it e  was compared in  th e  s t a b le  and m e ta s ta b le  
c o n d it io n #  #hcn  m a r te n s ite  formed t h i s  c o e f f i c i e n t
changed duo t o  th e  e x p a n s io n  a s s o c ia t e d  w ith  th e
'
fo rm a tio n  o f  m a r te n a ite  (F ig + lO ), I t  h a s  a l s o  b een  
ob served  th a t  th e  fo r m a tio n  o f  b a i n i t e  i s  a c c e le r a te d  
by th e  p r e se n c e  o f  m & rtenBlte an d , t h e r e f o r e ,  th e  
fo rm a tio n  o f  m a r te n s ite  may be a s s o c ia t e d  w ith  a marked
40,
r e d u c t io n  In th e  In cu b a tio n  p e r io d . These m ethods 
g iv e  r e s u l t s  th a t  a re  e e l f  o o n a ls te n t  and In  
r e a so n a b le  agreem ent w ith  th e  c a lc u la t e d  v a lu e s .
0  30
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TEMPERATURE *0
4 0 0200 '
F i g u r e  10* V a r i a t i o n  o f  c o e f f i c i e n t  o f  th erm al
c o n tr a c t io n  o f  a u s t e n it e  w ith  tem p era tu re .
The v a r i a t i o n  o f  ex p a n s io n  on tr a n sfo r m a tio n  I s  
n ot a r e l i a b l e  g u i d e  t o  th e  s t a r t  o f  f o r m a t i o n  o f  
m a r t e n s i t e *  F i g u r e  11 shews t h a t  th e r e  I s  an  
I n f l e c t i o n  In th e  c u r v e  f o r  th e  0 *6# carbon  s t e e l  a t  
a h ig h e r  tem p eratu re  th an  In  th e  0 *4# carbon  s t e e l .  
T h i s  i s  i n  a g r e e m e n t  w ith  th e  work o f  B u s s e l l  & 
M a v ro c a d a to s  ( 2 8 ) ,
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F ig u re  1 1 , B zpanalon  on Iso th e rm a l tr a n s fo r m a tio n .
The Iso th e rm a l tr a n s fo r m a tio n  diagram s a re  shewn 
In F i g s ,  12 -  15*
The h ard n ess o f  a l l  s t e e l s  when th e  tr a n s fo r m a tio n  
i s  com p lete  la  shewn In  F lg i  1 6 .
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F i g u r e  12 .  l a o t h e r m a l  t r a n s f o r m a t i o n  d i a g r a m  
o f  EH 2 0 2 .
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F igu re  13 , Isotb& rm al tra n a fo rm a tlo n  diagram
o f  AN 202 o a r b u r l e e d  t o  0 #4^  c&rlDon 
c o n t e n t *
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Figure 14, Isothermal transformation diagram
of 8# 202 oarhurised to  0,6^ carbon 
content.
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F ig u re  15 . Iso th e rm a l tr a n s fo r m a tio n  diagram
o f  E# 202 o a r h u r ise d  t o  1 ,1 ^  Carbon 
c o n ten t*
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8 0 0
F i g u r e  16# H ardneaa  o f  s t e e l s  when c o m p l e t e l y  
t r a n s f o r m e d .
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MICROSCOPIC EXAMINATION.
1 .1 #  Carbon S t e e l ,
The tr a n s fo r m a tio n  o f  a u s t e n l t e  i n  t h e  1*1#  
carbon s t e e l  I n  th e  tem p eratu re  range 550 * 700^0 
was p r e c e d e d  by t h e  f o r m a t i o n  o f  Fe^C, The amount 
o f  c e m e n t I t e  fo rm ed  i n c r e a s e d  w i t h  I n c r e a s e  i n  
t e m p e r a t u r e  and  w h i l e  a t  h i g h e r  t e m p e r a t u r e  th e  c a r b i d e  
was found m ain ly  a t  th e  g r a i n  b o u n d a r i e s ,  a t  lo w er  
tr a n s fo r m a tio n  tem p era tu res  th e r e  was a W idm anstatten  
p a t t e r n .  In  th e  r a n g e  600 ^ TOO^C c a r b i d e  fo rm ed  
f i r s t  i n  a p p ro x im a te ly  4  s e c s *  a n d  when t h i s  r e a c t i o n  
w as  c o m p le t e d  no f u r t h e r  prim ary c a r b id e  was form ed  
d u r i n g  t h e  r e m a in d e r  o f  t h e  t r a n s f o r m a t i o n *  A f t e r  
t h i s  th e r e  was a  p e r io d  I n  w h ic h  no r e a c t io n  o c c u r r e d  
u n t i l  th e  r e s i d u a l  a u s t e n l t e  t r a n s f o r m e d  t o  p e a r l l t e  
i n  40 se c s *  The p e a r l l t e  was la m e lla r  and th e  s p a c i n g  
d e c r e a s e d  a s  t h e  tr a n s fo r m a tio n  t e m p e r a t u r e  was 
l o w e r e d .  T y p ic a l m ic r o s tr u o tu r e s  a r e  shewn i n  F i g s ,
16 , 17 , and 1 8 , At lo w e r  tem p era tu res  b a i n i t e s  were  
formed w i t h o u  t  any p r io r  s e p a r a t i o n  o f  c e m e n t I t e  a s  
i l l u s t r a t e d  i n  F i g s ,  19 and 20 , A l l  th e  p h o t o g r a p h s  
shewn w e re  ta k en  a t  a  m a g n i f i c a t i o n  o f  x 750 u n l e s s  
o t h e r w i s e  s t a t e d .  The e t c h a n t  u s e d  t h r o u g h o u t  was 2#
N i t a l ,
48.
18 s e c s . 30 s e c s .
#
100 s e c s . 1,000  s e c s .
Figure 17* 1.1# Carbon s t e e l  transformed a t  680*^0^
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Figure 18. 1.1# Carbon s t e e l  transformed at 670°C.
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10 s e c s . 25 s e c s .
F i g u r e  1 9 . 1 . 1 #  Carbon  s t e e l  t r a n s f o r m e d  a t  600^C
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20 s e c s . 36 s e c s .
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50 s e c s . 6o s e c s .
Figure 20 1 .1#  carbon s t e e l  transformed a t  450°C.
52,
55 s e c s 75 s e c s .
100 s e c s . 150 s e c s
Figure 21. 1 .1# Carbon s t e e l  transformed a t  400^0.
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The I n c l u s i o n s  i n  t h e s e  and o t h e r  p h o t o ­
m ic r o g r a p h s  w ere  MnS t h a t  had  been  drawn i n t o  
f i l a m e n t s  by c o ld  r o l l i n g  d u r i n g  t h e  p r e p a r a t io n  
o f  the  s p e c i m e n s .
0 . 6 #  Carbon S t e e l .
When t h i s  s t e e l  was t r a n s f o r m e d  a t  t e m p e r a t u r e s
betw een  th e  A and 550^0  t h e  f o r m a t i o n  o f  p e a r l l t e  was 
1
p r e c e d e d  by th e  f o r m a t i o n  o f  p r o - e u t e c t o l d  f e r r i t e .
At t h e  h ig h e r  tem p era tu res  th e  f e r r i t e  was m a in ly  a  
g r a i n  b o u n d a ry  p h a se  and  w i t h  l o n g  t r a n s fo r m a t io n  t im e  
g r a i n  grow th in  t h e  f e r r i t e  c o u ld  be  d e t e c t e d  ( F i g . 2 2 ) .  
Above 650°C t h e  f e r r i t e  s e p a r a t i o n  was c o m p l e t e d  b e f o r e  
th e  a u s t e n l t e  t r a n s f o r m e d  to  p e a r l l t e  b u t  in  t h e  range  
o f  t e m p e r a t u r e  650 -  500^0 th e  f e r r i t e  and  p e a r l l t e  
formed t o g e t h e r  when th e  f e r r i t e  had an a c i c u l a r  fo rm .  
The growth o f  p e a r l l t e  l a m e l l a e  i n t o  a u s t e n l t e  are  
w e l l  i l l u s t r a t e d  i n  F ig*  23*
I n  the  range o f  tem p erature  around 500^0  th e  f i r s t  
t r a n s fo r m a t io n  product was p e a r l l t e ,  t h i s  was fo l lo w e d  
l a t e r  by b a i n i t ©  ( F i g * 2 6 ) .  At tem p era tu res  below 500^0 
b a i n i t e  fo rm ed  im m ed iate ly  w ith o u t  any p r i o r  s e p a r a t io n  
of f e r r i t e .
54-
/ fr:
/
5
) ■ '
I
200 se c s*
A
2 ,0 0 0  s e c s .
24 h r s .25»000 s e c s .
Figure 22. 0.6^ Carbon s t e e l  transformed at 680^0
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Figure 23* 0 * 6% Carbon s t e e l  transformed a t  670°C.
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Figure 24. 0 .6 #  Carbon s t e e l  transformed at 600 C
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25 s e e s . 34 s e c s .
F i g u r e  24. 0 , 6 #  Carbon  s t e e l  t r a n s f o r m e d  a t  600^0
c o n t d .
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Figure 25* 0 . 6# Carbon s t e e l  transformed at 550°G
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F i g u r e  26. 0 . 6 #  Carbon s t e e l  t r a n s f o r m e d  a t  500°C.
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Figure 27. 0 .6#  Carbon s t e e l  transformed a t  450 C
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Figure 2 8 . 0 .6#  Carbon s t e e l  transformed at 400°C.
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Figure 29. 0 .6#  Carbon s t e e l  transformed at 350°G.
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F igure 3 0 .  0.4f Carbon s t e e l  tran sform ed  a t  680^0.
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0 # 4% Carbon S t e e l  «
The tr a n s fo r m a t io n  o f  t h e  0*4/« c a r b o n  s t e e l  
s t a r t e d  in  a manner s i m i l a r  t o  t h e  h i g h e r  carbon  
s t e e l .  At t e m p e r a t u r e s  above 625^0 f e r r i t e  formed 
f i r s t  b u t  o n ly  a t  t h e  h i g h e s t  t e m p e r a t u r e s  w i l l  t h e  
f o r m a t i o n  o f  f e r r i t e  be  c o m p le te d  b e fo r e  t h e  p e a r l l t e  
r e a c t i o n  s t a r t e d  and  t h e s e  f e r r i t e  p l a t e s  were  
r e c r y s t a l l i s e d * ( F l g . 3 0 ) ♦ At tem p era tu res  below t h i s  
f e r r i t e  and p e a r l l t e  fo rm ed  t o g e t h e r ,  the  f e r r i t e  
b e i n g  a c i c u l a r  and  in  t h i s  r a n g e  o f  t e m p e r a t u r e  down 
t o  550^0 b a i n i t e  w i l l  fo rm  w it h  p e a r l l t e .  The p e a r l l t e  
formed in  t h i s  range o f  tem p erature  had changed from  
th e  c h a r a c t e r i s t i c  l a m e l l a r  form t o  one I n  w h ic h  t h e  
c a r b i d e  a p p e a r e d  t o  be s p h e r o l d i s e d .  T h is  change  
s t a r t e d  in  some c a s e s  a t  tem p era tu res  a s  h i g h  a s  670^C 
an d  i s  i l l u s t r a t e d  by F i g s .  31 and 23 w h ic h  shew t h e  
0*4 and 0 , 6#  c a r b o n  s t e e l  t r e a t e d  u n d e r  t h e  same 
c o n d i t i o n s  and i s  s e e n  a g a i n  in  F i g s .  32 and 3 ^ .  I t  
w i l l  be n o t e d  th a t  th e  shape o f  t h e  a d v a n c i n g  f e r r i t e /  
c a r b i d e  f r o n t  h a s  th e  s p h e r i c a l  form th a t  i s  a s s o c i a t e d  
w ith  p e a r l l t e  formed a t  h ig h e r  r a t e s .  At th e  low er  
end o f  t h e  r a n g e  f e r r i t e  was n ot only  a s s o c i a t e d  w i t h  
t h e  g r a i n  b o u n d a r ie s  but formed i n  a r e a s  o f  low carbon
65.
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10 s e c s . 500 s e c s .
1 ,0 0 0  s e c s . 2 ,0 0 0  s e c a .
Figure 31» 0*4^ Oarbon s t e e l  transformed at 670^0.
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Figure 32. 0*4^ Carbon s t e e l  transformed at 600^C.
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Figure 33* 0*4# Carbon s t e e l  transformed at 550^0
68.
•if /
V
' S i
2  s e c s 8 s e c s
24 s e e s .
F ig u r e  3 4 . 0 . 4 #  Carbon  s t e e l  t r a n s f o r m e d  a t  500°C
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Figure 3 5 . 0 . 4# Carbon s t e e l  transformed a t  450^C,
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Figure 5 6 . 0.4^ Carbon s t e e l  transformed at 400°C
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c o n t e n t .  The f i n a l  F i g s .  f  and 3 ^  i l l u s t r a t e  t h e  
t r a n s f o r m a t i o n  i n  t h e  u p p e r  and  lo w er  b a l n i t e  r e g i o n s .
0 . 1 5 #  C arbon  S t e e l *
The 0 . 1 5 #  C arbon  s t e e l  s t a r t e d  t o  t r a n s f o r m  a t  
680°G i n  a p p r o x i m a t e l y  40  s e c s ,  b u t  no p e a r l l t e  was 
fo u n d  a f t e r  24 h r s ,  ( t h e  maximum t r a n s f o r m a t i o n  t im e  
u s e d  in  t h i s  w o r k ) .  The g e n e r a l  form o f  f e r r i t e  was 
s i m i l a r  t o  t h a t  found  i n  t h e  h i g h e r  carbon s t e e l  and  
no e v i d e n c e  was fo u n d  o f  t h e  ^ l o c k y  f e r r i t e "  a l th o u g h  
th e  appearance was s i m i l a r  a f t e r  ap p ro x im a te ly  25#  
o f  t h e  a u s t e n i t e  h a s  transform ed ( F i g . 5 7 ) .  T h is was 
t h e  r e s u l t  o f  t h e  g r a i n  g r o w th  o f  f e r r i t e  formed a t  
t h e  s t a r t  o f  t h e  r e a c t i o n .  At 670°G p e a r l l t e  fo rm ed  
a f t e r  an in c u b a t io n  p e r io d  o f  700 s e c s .  When t h i s  
p e a r l l t e  i s  compared w i t h  F i g s .  18 and 25 o f  th e  1 .1 #  
carbon s t e e l  and 0 . 6 #  carbon s t e e l  t r a n s f o r m e d  under 
t h e  same c o n d i t io n s  and t o  a c e r t a i n  e x t e n t  F i g . 51 o f  
t h e  0 . 4#  carbon s t e e l ,  th e  c h a r a c te r  o f  th e  p e a r l l t e  
i s  changed from th e  la m e l la r  form w h ich  i s  norm ally  
a s s o c i a t e d  w i t h  p e a r l l t e  formed a t  t h i s  tem p erature  t o  
one w h ic h  t e n d e d  t o  be s p h e r o id a l .
72 .
At 615^0 the  f e r r i t e  formed f i r s t  l a  a 
W ldm anstatten  p a tte r n *  th e  grow th c o n t in u ed  hy the  
fo r m a t io n  o f  f r e s h  p l a t e s  w h ich  f i n a l l y  th ick en ed #
At tem p era tu res  in  t h i s  range and b e low , la m e l la r  
p e a r l l t e ,  a s  shown in  F ig#  5 9 ,  was very  r a re  and in  
g e n e r a l  I t  was s p h e r o ld ls e d  and t h e s e  s p h e r o id a l  
c a r b id e s  appeared  t o  grow d i r e c t l y  from a u s t e n i t e ,
F ig u re  40  shows th e  tr a n s fo r m a t io n  a t  600^0 and 
h ere  i t  i s  e v id e n t  th a t  a r e a s  o f  a u s t e n i t e  th a t  are  
c o m p a r a t iv e ly  la r g e  tran sform ed  t o  f e r r i t e  and 
c a r b id e  in  t im e s  o f  b etw een  10 and 60 s e c s #  but  
th o s e  a r e a s  t h a t  were sm a ll  ( i n  betw een  th e  c l o s e l y  
sp aced  f e r r i t e  p l a t e s )  would n o t  tran sform  c o m p le te ly  
in  2 ,0 0 0  s e c s .
The t r a n s fo r m a t io n  shown in  P ig# 45 i s  of  
p a r t i c u l a r  i n t e r e s t  a s  i t  shows t h e  f e r r i t e / c a r b i d e  
f r o n t  ad van cin g  in t o  t h e  g r a in s  o f  a u s t e n i t e  and  in
F i g s .  41  and 42  t h i s  appeared t o  be a form o f !
I
d is c o n t in u o u s  p r e c i p i t a t i o n  s im i la r  t o  t h a t  w hich  i s  
found I n  some n o n - fe r r o u s  a l l o y s  ( e # g .B e /C u )#
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Figure 37 . 0*15^ Oarbon s t e e l  transformed a t  680^0.
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F i g u r e  37* 0 .1 5 #  C arbon  s t e e l  t r a n s f o r m e d  a t  680°C.
c o n t d .
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Figure 33. 0#15^ Carbon s t o e l  transformed a t  670°C.
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Figure 39. 0 .15^ Carbon S te e l  transformed a t 615 C.
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Figure 40. 0.15^ Carbon s t e e l  transformed a t  600^0.
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Figure 41. 0.15^ Carbon s t e e l  transformed at 580^0.
79
r' 'V
S  r - T  
K # '
' f ' j f  -
iiiiîS>:ÿ
2 s e c s 6 s e c s .
. -
, v . ,,  .> “ 1 . - / .At#Y
■ n  -
i *
K -è » “-
. / ' t :  2*
10 s e c s - 15 s e e s .
Figure 42. 0 .15# Carbon s t e e l  transformed a t  555°C.
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Figure 43. 0 .15#  Carbon s t e e l  transformed a t  500^0.
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F i g u r e  44* 0 .1 5 #  C arbon  s t e e l  t r a n s f o r m e d  a t  440^0 .
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When t h e  t r a n s f o r m a t i o n  t e m p e r a t u r e  was r e d u c e d  
t o  500^0 t h e r e  were  a p p a r e n t l y  t h r e e  r e a c t i o n  
p r o d u c t s  p r e s e n t ,  f e r r i t e  w h ic h  fo rm ed  e a r l y  In t h e  
t r a n s f o r m a t i o n  w i t h o u t  any  v i s i b l e  c a r b i d e ,  a 
b a l n l t i o  produ ct a n d  f i n a l l y  a form o f  f e r r i t e  and 
c a r b id e  a g g r e g a te  a s  shewn In th e  s e r i e s  o f  p h o to ­
graphs F ig .
The t r a n s fo r m a t io n  o f  a u s t e n i t e  t o  f e r r i t e  in  
th e  e a r l i e r  s t a g e s  o f  t h i s  s e r i e s  was by th e  growth  
o f  f r e s h  p l a t e s  o f  f e r r i t e  r a th e r  than th e  In c r e a se  
in  s i z e  o f  e x i s t i n g  o n e s .  The grow th o f  in d iv id u a l  
p l a t e s  on ly  occu rred  a t  a l a t e r  s t a g e .
T h is  work has shown t h a t  th e  g e n e r a l  p a t t e r n  o f
th e  t r a n s f o r m a t i o n  o f  a u s t e n i t e  t o  f e r r i t e  and
c a r b id e  a t  tem p era tu res  above 550^0 may be summarized
1 .  At any tem perature  f e r r i t e  fo rm ed  f a s t e r  in  
s t e e l s  o f  low c a r b o n  c o n t e n t #
2 . At any tem p erature  p e a r l l t e  formed more r a p id ly  
in  h ig h e r  carbon s t e e l s  th a n  In th e  low er o n e s ,  
e . g .  i n  1 .1 #  c a r b o n  s t e e l  F i g *17 a t  68O°0
83*
p e a r l l t e  la  p r e s e n t  a f t e r  6o s e e s ,  w hereas In  
th e  h y p o ~ e u te e to ld  s t e e l s  th e r e  i s  no p e a r l l t e  
a f t e r  24 hra* î h l s  h e h a v l o u r  i s  shown i n  f i g * 4 5  
w h i c h  I s  made from t h e  u p p e r  p a r t  o f  t h e  I s o t h e r m a l  
t r a n s f o r m a t i o n  c u rv e s * .
TOO
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TIM E SEC.
F i g u r e  45* Com parison  o f  r e a c t i o n  t i m e s  f o r
I s o th e r m a l ly  t r e a t e d  h y p o ^ e u te o to ld
’ : ■ s t e e l s *
3 . The t r a n s f o r m a t i o n  was n o t  u n i fo rm *  Some g r a i n s  
o f  a u s t e n i t e  were c o m p le te ly  t r a n s f o r m e d  w h e r e a s
in  th o s e  n e x t  t o  them t h e r e  had b een  no
t r a n s f o r m a t i o n  a t  a l l *  T h i s  I s  shown c l e a r l y  
i n  F ig s #  31  and  3 8 # S im ila r  o b s e r v a t i o n s  have 
b een  made by Meh i  (29 )  who showed a  p a r t l y  
tran sform ed  e u t e c t o l d  s t e e l  and by Modln (30 )  
when u s in g  a low carbon c o n te n t  p l a i n  carbon  
s t e e l *
4* The c h a r a c t e r  o f  t h e  p e a r l l t e  changed* The 
l a m e l l a r  p e a r l l t e  found In t h e  h i g h  c a r b o n  
s t e e l  tran sform ed  a t  h i g h  t e m p e r a t u r e  I s  r e p l a c e d  
In low carbon s t e e l s ,  t r a n s f o r m e d  a t  lo w er  
te m p e r a tu r e s ,  by a  s p h e r o ld ls e d  c a r b l d e / f e r r l t e  
a g g r e g a t e .  At in te r m e d ia te  s t a g e s  t h e r e  i s  a  
m ix t u r e  o f  s p h e r o l d l s e d  and la m e l la r  c a r b id e .
These o b s e r v a t i o n s  would appear t o  I n d ic a te  t h a t  
th e  a u s t e n i t e  t o  p e a r l l t e  tr a n s fo r m a t io n  c a n  p roceed  
r a p id ly  once I t  i s  n u c l e a t e d  and  th a t  th e  change In  
i n c u b a t i o n  tim e w i t h  carbon c o n te n t  must be a s s o c i a t e d  
w i t h  t h i s  change  i n  n u c l é a t i o n  r a t e * , To p r o d u c e  
l a m e l l a r  p e a r l l t e  h ig h  carbon a u s t e n i t e  I s  r e q u i r e d  t o  
be tran sform ed  a t  tem p era tu res  near t h e  lo w e r  c r i t i c a l  
tem p er a tu r e .
35*
MÏCR0HARDN393 EXAMINATION,
To f o l l o w  t h e  c h a n g e s  i n  f e r r i t e  m i c r o h a r d n e s s  
t e s t s  w ere  made on i t  a s  I t  fo rm ed  i n  a u s t e n i t e *
A stan dard  H a ll  Telephone M lorohardness T e s te r  
was u s e d .  The minimum load  a v a i l a b l e  (1 gm#) had t o  
be used a s  th e  f e r r i t e  p a r t i c l e  s i z e  was so  sm a ll  t h a t  
r e a d in g s  cou ld  n ot be ta k e n  w i t h  h ig h er  l o a d s .  W ith  
t h i s  low load  r e a d in g s  were s t i l l  not p o s s i b l e  a t  
tem p era tu res  l e s s  th an  0*15^ carbon s t e e l
w h i le  th e  h ig h e r  carbon s t e e l s  t r a n s fo r m a t io n  had t o  
be w e l l  advan ced , ev en  a t  h ig h e r  te m p e r a tu r e s ,  b e fo r e  
th e  f e r r i t e  a r e a s  were la r g e  enough t o  tak e  an  
Im pression# Only a r e a s  t h a t  were a t  l e a s t  tw ic e  th e  
s i z e  o f  the  Im p ress ion  were used  so  th e r e  were no s i d e  
e f f e c t s  from th e  m a r te n s l t e  or p e a r l l t e .
The sp ec im en s t o  be t e s t e d  were mounted In b a k e l l t e ,  
w et ground, g iv e n  a f i n a l  p o l i s h  u s in g  and l y  
diamond d u st  a s  an a b r a s iv e  and e tc h e d  w i t h  2^ N l ta l*  
T h is  f i n a l  e t c h i n g  and p o l i s h i n g  was r e p e a te d  t h r e e  
t im e  s ,
86*
When t h i s  low l o a d  was u s e d  I t  was f o u n d  
d i f f i c u l t  t o  a d j u s t  t h e  beam b a l a n c e  t o  g i v e  r e s u l t s  
t h a t  a g r e e d  w i t h  M a c ro h a rd n e s s  v a lu e s *  The machine 
w a s ,  t h e r e f o r e ,  s t a n d a r d i s e d  on a spec im en  of  Armoo 
i r o n  t o  g i v e  a  s e t  r e a d i n g .  To c o n v e r t  t h e  t e s t  
r e a d i n g s  t o  M a c ro h a rd n e s s  v a l u e s  t h e  h a r d n e s s  o f  th e  
s t a n d a r d  I r o n  was tak en  u s i n g  lo a d s  of  5 ,  10 and 20 
Kg* on a s t a n d a r d  V i c k e r s  Diamond Pyram id  H a rd n e s s  
T e s t e r .  T h is  was fo u n d  t o  be  103 V.P+N, The standard  
was r e t e s t e d  u s i n g  a l l  t h e  a v a i l a b l e  lo a d s  on th e  
m i c r o h a r d n e s s  t e s t e r  g i v i n g  v a l u e s  o f  t h e  d ia g o n a l  
a s  shewn In T a b le  4*
U s in g  t h e  Meyer H a rd n e s s  e q u a t i o n  ?  = Kd^ where  
P r lo a d ,  K = c o n s t a n t ,  d a d ia g o n a l ,  n a Meyer in d e x  
and p l o t t i n g  L og .P /L og .D  I t  w i l l  be se en  t h a t  th e r e  la  
a Bharp beak In the  curve  a t  10 gm a., a r e s u l t  th a t  has  
b een  ob served  b e fo r e  on B .O .C .  m e t a l s  by M lodownlk(31)  
and Brown & In eson  ( 3 2 ) ,  The c o n v e r s io n  was made by 
r e a d i n g  d t h a t  corresponded  t o  103 V .P .N , a t  10 gms. 
l o a d ,  p l o t t i n g  t h i s  a t  D ( F i g . 4 6 )  and d r a w in g  BE a t  a 
s lo p e  n c  2* The v a lu e  B b e in g  th e  c o r r e c te d  v a lu e  o f  
t h e  d i a g o n a l  a t  a  1 gm, lo a d  ( / I ) #  T h i s  c o r r e c t i o n  
am ounts  t o  a m u l t i p l i c a t i o n  o f  a l l  t h e  v a l u e s  o f  d by 
a f a c t o r  o f  0 . 8 9 .
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Figure 46. V ariation  of Meyer Index*
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The r é s u l t a  shown In T a b l e s  $^9  w ere  t h e  
a v e r a g e  o f  a t  l e a s t  10 i m p r e s s i o n s .  The cu rv es  o f  
h a r d n e s s / l o g . t i m e  a r e  shown I n  F i g s .  4 7 - 4 9 .  The 
c u r v e s  o f  h a r d n e s s / l o g . t im e  a l l  show the  same g e n e r a l  
ten d en cy  th a t  the  hardn ess o f  th e  f e r r i t e  was h ig h  
a t  th e  s t a r t  o f  the  t r a n s fo r m a t io n ,  when I t  had j u s t  
form ed, and  th e n  f e l l  r a p i d l y  u n t i l  the  p e a r l l t e  
r e a c t i o n  s t a r t e d .  A f t e r  t h i s  t h e  h a r d n e s s  was 
r e a s o n a b l y  c o n s t a n t  u n t i l  t h e  end  o f  t r a n s f o r m a t i o n .
T h is  e f f e c t  m ig h t  b e  sa id  t o  be due to  e i t h e r  
t h e  s m a l l  s i z e  o f  th e  f e r r l t l c  a r e a s  or i n t e r n a l  
s t r e s s e s  b etw een  th e  f e r r i t e  and m a r t e n s l t e .  However, 
t h e  f e r r l t l c  a r e a s  I n  t h e  0 . 1 5 /  c a r b o n  s t e e l  i n c r e a s e  
i n  s i z e  much f a s t e r  than  th o s e  In the  h ig h e r  carbon  
s t e e l s  but t h e  r a t e  o f  s o f t e n i n g  i s  o f  t h e  same o r d e r .  
A ccord in g  t o  0 * N e l l l ( 5 3 )  e l a s t i c  s t r e s s  w i l l  reduce  
th e  h a rd n ess  by betw een  5 and 1 0 /  but in  t h i s  ca se  
t h e  h a r d n e s s  h a s  In crea sed  by 5 0 ^ 1 0 0 / .  The observed  
e f f e c t s  a r e ,  t h e r e f o r e ,  c o n s i d e r e d  t o  be  r e a l .
The h a rd n ess  o f  f e r r i t e ,  when th e  p e a r l l t e  
r e a c t i o n  h a s  b e e n  c o m p le t e d ,  I s  shewn In T ab le  10 
and p l o t t e d  I n  F i g u r e  5 0 .  The curve fo r  the f e r r i t e
89.
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250
680' 670
Z 2 0 0
û loq û lOO
50 5 0
TIME SEC. TIME SEC.
2 5 0 250
660' 640
to 150 50
••I'UJ
2100 z  lOO
5 0 I  501
lO lO* lO* lO" lO* 
TIME SEC.
iO lO* 10* {O'* 10'
TIME SEC.
250
6 0 0
'2 0 0
I û lod
50^
IO IO* IO* 10' IO' 
TIME SEC.
F ig u r e  47* M lorohardneaa o f  f e r r i t e  form ed In  
0*15^ Oarbon a t e e l  tran sform ed  a t  
tem p era tu ree  betw een  600 and 680 C.
(The arrow s I n d ic a te  th e  tim e a t  w h ich  f e r r i t e  and 
p e a r l l t e  r e s p e c t i v e l y  s t a r t  to  f o r m ,)
95
2 5 0
680*
U) 150
a  lOO
I 50
O KT lO* lO*
"^50
O:
4 o o
0)150
E caoo
50
670"
r #1 1 "1 ■
TIME SEC.
I KD lO* lO* lO* lO* 
TIME SEC.
2 5 0
660*
0:200
50
TIME SEC.
250
oJlSO
50
\\
% 640*
\
\
1 r r "1
TIME SEC.
48 .
96.
250
±200 a:>
ÜU50
ttt 100 
X
50
680*
(1 •
1 •
# -
1
250
O)U)
UJ
I
50
lO lO* lO* KD* lO* 
TIME SEC.
660'
I 1
1 1
lO IO“ 10" 10* 10'
TIME SEC.
250
œ 
2L 
œ ISO 
zÛ
a. lOO 
<
X
50
670 *
1
1
250
q:>
(/>
g
<
X
lO lO* lO* lO* lO* 
TIME SEC.
640"
1
#
1»
1
lO lO" iO" lO^  îœ 
TIME SEC.
F ig u re  4 9 ,  M lcrohardaees o f  f e r r i t e  formed In  
0*6# Carbon s t e e l  tran sform ed  &t 
tem p era tu res  betw een  600 and 680 C*
Tat) le  10.
Temp.
680°C
670
660
640
600
o a s S *
97 V.P.H. 
105
113
120
0 . 4 ^ 0 .
112 V.PN. 
122 
130 
122
Q.6% 0.
130 v.riM.
132
147
131
2 5 0 0 4 5
0 4
0 6
50
600  650 700
TEMPERATURE *C
F i g u r e  5 0 .  M lo r o h a r d n e s a  o f  f e r r i t e  when I s o t h e r m a l  
t r a n s f o r m a t i o n  l a  c o m p l e t e .
98.
hardn ess o f  th e  0 . I 5# carbon s t e e l  I n d ic a te d  th a t
t h e r e  was a l i n e a r  d e c r e a s e  i n  h a r d n e s s  w i t h  
i n c r e a s e  in  t r a n s f o r m a t i o n  t e m p e r a t u r e .  S i m i l a r  
i n d i c a t i o n s  were  g iv e n  w i t h  t h e  c u r v e s  f o r  t h e  
h i g h e r  carbon s t e e l s  a l t h o u g h  a t  any t e m p e r a t u r e  
t h e  h a r d n e s s  i n c r e a s e d  w i t h  i n c r e a s e  i n  carbon  
c o n t e n t .
The h a r d n e s s  o f  f e r r i t e  a t  t h e  s t a r t  o f  
t r a n s f o r m a t i o n  c o u ld  n o t  be  m easu red  a s  t h e  a r e a  
o f  the  f e r r i t e  g r a i n s  was t o o  s m a l l .  T h i s  h a r d n e s s  
may, h ow e v e r ,  b e  o b t a i n e d  by e x t r a p o l a t i n g  t h e  
h a r d n e s s / t i m e  c u r v e s  ( F i g s , 47  & 48)  back t o  t h e  
o b s e r v e d  f e r r i t e  s t a r t  t im e s .  The r e s u l t s  o f  t h i s  
e x t r a p o l a t i o n  a r e  shewn i n  T a b le  11 and p l o t t e d  i n  
F l g * 5 l *  T h ese  I n d ic a te  t h a t  e v e n  w i t h  t h e  0 . 1 5 ^  
c a r b o n  s t e e l  t h e  h a r d n e s s  o f  f e r r i t e  i s  235 V .F .H .  
when t h e  t r a n s f o r m a t i o n  i s  c a r r i e d  o u t  a t  600^0 w h i l e  
t h a t  o f  t h e  0#4# c a r b o n  s t e e l  I s  e v e n  h i g h e r *
T able  1 1 .
Temp* 0 ,1 5 ^ 0  0*4^ 0 .
680^0 ITT 168 vA/v,
670 187 157
660 180 222
640 212 240
600 2 #
99,
2 50
200
5 0
OO 0-45
0 4
50
6 0 0  6 5 0
TEMPERATURE
7 0 0
F i g u r e  51* I n i t i a l  h a r d n e e s  o f  f e r r i t e  on 
i s o t h e r m a l  t r a n s f o r m a t i o n *  (by 
e x t r a p o l a t i o n ) *
To f o l l o w  t h e  change  in  h a r d n e s s  w i t h  I n c r e a s e  
i n  c a r b o n  c o n t e n t ,  sp e c im e n s  o f  0*4^  c a r b o n  s t e e l ,  
o r i g i n a l l y  a n n e a l e d ,  w e re  h e a t e d  f o r  2 h r s .  a t  
t e m p e r a t u r e s  f rom  $50-^680^C and  t h e n  quenched* The 
r e s u l t s  a r e  shewn i n  T a b le  12 and w i l l  r e p r e s e n t  
t h e  f e r r i t e  h a r d n e s s  a t  t h e  carbon c o n t e n t  shewn# 
T h ese  a r e  t a k e n  from t h e  r e s u l t s  due t o  D l j k s t r a ( 3 4 )  
The h a r d n e s s o f  f e r r i t e  i n  t h e  a n n e a l e d  c o n d i t i o n  I s  
r a th e r  h i g h e r  than  m ig h t  be e x p e c t e d  b u t  t h i s  may be
100 ,
a c c o u n t e d  f o r  by t h e  s o l i d  s o l u t i o n  h a r d e n i n g  o f
(3 5 )
1# of  m an ga n ese .  B a i n  h a s  shewn th a t  t h i s  w i l l  
I n c r e a s e  t h e  f e r r i t e  h a r d n e s s  by a p p r o x i m a t e l y  
15 V ,? .N ,
T ab le  1 2 .
C o n d it io n .  J% /% V ,p*N.
A nnealed  5 .0 0  4*42  95
q .fro m  550 C 4 .8 0  4 .2 8  102
" " 600 4*80 4 .2 8  102
" " 640 4 .6 0  4 .1 0  111
* * 680 4 .4 0  3 . 9 2  121
U sing  t h e s e  h a r d n e s s  v a l u e s  t h e  a p p r o x i m a t e  
carbon c o n t e n t  o f  t h e  f e r r i t e  fo rm ed  i n i t i a l l y  and 
a f t e r  t r a n s f o r m a t i o n  may be d e r i v e d  a s su m in g  t h a t  
t h e  change  o f  h a r d n e s s  i s  l i n e a r  w it h  c a r b o n  c o n t e n t . 
The r e s u l t s  w i l l  b e  fo u n d  i n  T ab le  13* The T ab le  
a l s o  shews t h e  carbon c o n t e n t  o f  f e r r i t e  i f  t h e  f e r r i t e  
i s  c o n s id e r e d  t o  be s u p e r s a t u r a t e d  (from the e x t r a p ­
o l a t e d  l i n e  Ab i n  F i g . 2 ) .  The a g re e m e n t  b e tw e e n  
t h e s e  c a r b o n  c o n t e n t s  I s  n o t  d i r e c t  a s  t h e  h a r d n e s s  
o f  f e r r i t e  I s  low when the  c a r b o n  c o n t e n t  r e f e r r e d
th e  e q u i l ib r iu m  diagram  i s  a maximum* The c a r b o n
loi.
c o n t e n t  o f  t h e  f e r r i t e  fo rm ed f i r s t  i s  a p p r o x i m a t e l y  
t w i c e  t h a t  o f  s u p e r s a t u r a t e d  f e r r i t e  and  a f t e r  
t r a n s fo r m a t io n  i t  I s  a p p ro x im a te ly  h a l f  t h e  s u p e r ­
s a t u r a t e d  carbon c o n t e n t .
Agreement c a n , how ever, be shewn i f  the  carbon
c o n t e n t  o f  f e r r i t e  i s  s a i d  t o  be c o n s t a n t  and the  
change  in  h a r d n e s s  I s  due t o  t h e  p r e c i p i t a t i o n  o f  
ca rb id e  i n  th e  s u p e r s a t u r a t e d  f e r r i t e  ( tem p erin g  o f  
m a r t e n s l t e )  a s  tr a n s fo r m a t io n  p r o c e e d s .  Nehrenberg, 
p a y s o n  & L l l l y s  (36)  have  shewn t h a t  t h e  m a r t e n s i t l c  
h a r d n ess  o f  a low carbon s t e e l  i s  a f u n c t i o n  o f  
n i t r o g e n  and carbon c o n te n t  and have e s t a b l i s h e d  a 
form ula
l o g  Rg * 2 .8 1 2  .  0 .4 6 9  ( lo g  C) * 0 . I 08 (Log
* 0 . 1 6 4  ( l o g  S) + 0 .0 2 5  ( l o g  
over  a range o f  carbon c o n te n t s  0 .0 3 5  * 0*5# when 
th e  n i t r o g e n  c o n t e n t  i s  low. U sing t h i s  e q u a t io n  a 
h a rd n ess  o f  281 V . ? , # ,  I s  c a lc u la t e d  # l c h  compares 
r e a so n a b ly  w e l l  w i t h  th e  ob served  235 V .P .U ,
In a r e c e n t  paper S ta r k ,  Averbach & Cohen (3 7 )  
showed by i n t e r n a l  f r i c t i o n  ex p er im en ts  t h a t  when 
low carbon ir o n  was q uenched  f ro m  630^0 o n ly  .009#
44
O
#
o P ©
d p 0 S
H © 1 H
eg p u ■ o
d d
■H o ©
&4 Ü <44
o o
H p ©
d P© 10P p u 1 o
«H d u
d o ©
M Ü <M
t-4
o 8
*
VO
o  o
•pi  C:
m pu\ d© o
MO
COOJO# o
f-4
OJo
éM•H
Dl
m VO
8 I  §
^  o
HI
5
a
:GH
ooo O Oo "S*" CO
VO VO VO
p
«0 d « «©H0 m© d
d d SÏ
d<
. :  .. :
103
carbon rem ains In s o l u t i o n  a t  room tem perature  
In s te a d  o f  th e  e q u i l ib r iu m  amount o f  0 ,0 1 2 #  due 
t o  th e  p r e c i p i t a t i o n  o f  c a rb id e  In quench ing a t  
g r a i n  b o u n d a r ie s  or on p r e - e x i s t i n g  c a rb id es*
T h i s  Would i n d i c a t e  t h a t  th e  carbon c o n te n t s  o f  
f e r r i t e  found in  t h i s  work are i f  a n y t h i n g  lower  
th an  t h e y  a r e  i n  f a c t *
104<
DI90U88ION,
The r e s u l t s  o f  t h e  d l l a t o m e t e r  e x p e r i m e n t s  
show t h a t  in  th e  e a r l y  s t a g e s  o f  tr a n s fo r m a t io n  o f
low c a r b o n  s t e e l s  a u s t e n l t e  i s  n o t  s t a b l e  helow 
67-O^ C and some o t h e r  p h a se  forms* T h i s  i s  I n d i c a t e d  
by t h e  d e c r e a s e  i n  c o n t r a c t i o n  on q u e n c h i n g .
, I t  i s  no doubt t r u e  t h a t  t h i s  d e c r e a s e  i n  t h e  
o b s e r v e d  c o n t r a c t i o n  i s  a s s o c i a t e d  w i t h  th e  fo r m a tio n  
o f  body c e n tr e d  ir o n  but w hether  t h i s  i s  t h e  c u b ic  
o r  t e t r a g o n a l  form h a s  n o t  y e t  b een  r e s o l v e d .  T h e re  
a r e  a number o f  p o s s i b i l i t i e s
1 .  F e r r i t e  w i t h  a  low carbon c o n t e n t  w h ich  may be 
p r e d ic t e d  from th e  Fe/Fe^C diagram# I n  t h i s  
c a s e  i t  w i l l  be body c e n tr e d  c u b i c .
2 . F e r r i t e  the  carbon c o n ten t  o f  w h ich  i s  f o u n d  by 
e x t r a p o l a t i n g  th e  l i m i t  o f  s o l u b i l i t y  o f  carbon  
i n  i r o n  to  t h e  t e m p e r a t u r e  o f  t r a n s fo r m a t io n ,  
w h ich  w ould  I n d ic a te  f e r r i t e  w i t h  a  carbon c o n te n t  
o f  a p p ro x im a te ly  0 .0 4 #  a t  500^0.
3 . M a r t e n s l t e  w it h  a  carbon c o n te n t  o f  t h e  a u s t e n i t e  
from w h i c h  i t  form s, in  t h i s  c a se  0 . 15# .
4* An I n t e r m e d i a t e  phase b e tw e e n  2 & 3*
105,
I t  h a s  n o t  b e e n  p o s s i b l e  t o  d e v i s e  any 
e x p e r im e n ta l  method t o  d e term in e  t h i s  d i r e c t l y  aa 
t h e  r a t e  o f  t r a n s f o r m a t i o n  i s  so  h igh*  S v e n  I f  I t  
w e re  p o s s i b l e  t o  I n t e r r u p t  t h e  t r a n s f o r m a t i o n  a f t e r  
t h e s e  sh o r t  t im e s ,  ( l e s s  th an  h a l f  a seco n d )  th e  
t e s t i n g  a t  room tem perature  by t e c h n iq u e s  ( e . g .  
e l e c t r i c  r e s i s t a n c e )  w ou ld  not be I n f o r m a t i v e  a s  
t h e  c o m p o s it io n  o f  th e  body c en tr ed  phase and th e  
r e s i d u a l  a u s t e n i t e  (now m a r t e n s l t e )  are  not known 
w i t h  any c e r t a i n t y .
An approxim ate  e s t im a t io n  o f  the  amount o f  th e  
body c e n tr e d  phase may be made from th e  e x i s t i n g  
d a t a ,  S u tto n  & Hume Rothery (3 8 )  have determ ined  
th e  param eter o f  ir o n  and shown t h a t  i t  i s  2 .8 6  kx 
a t  O^ O and 2*895 kx a t  900°0  and found t h a t  I t  has  
a l i n e a r  c o e f f i c i e n t  o f  therm al e x p a n s io n  (11*7 % 1 0 ~ ^ ).  
B u rn s  (39)  d e t e r m i n e d  t h e  v a r i a t i o n  o f  l a t t i c e  
param eter w i t h  in c r e a s e  In carbon c o n ten t*  When th e  
carbon  c o n te n t  i s  0#  the  l a t t i c e  param eter I s  2*8605 kx 
w h ich  in c r e a s e s  t o  2 ,8 6 1 2  kx when the  carbon c o n te n t  
i s  in c r e a s e d  to  0 .0 1 5 #  and th e r e  i s  no f u r t h e r  
In c r e a s e  when th e  carbon c o n te n t  i s  f u r t h e r  r a i s e d  
t o  0*018 # .
106*
R o b e r t s  (40 )  c o l l e c t e d  th e  d a t a  on  t h e  v a r i a t i o n  
o f  l a t t i c e  c o n s ta n t s  o f  m a r te n s l te  w i t h  carbon  
c o n te n t  w h ich  have b een  p h b lle h e d  s in c e  1927, T h is  
showed t h a t  the  c / a  r a t i o  in c r e a s e d  w i t h  carbon  
c o n te n t  but a t  low carbon c o n te n t  the  param eters  
o f  m a r te n s lte  a re  o n ly  s l i g h t l y  d i f f e r e n t  from  
th e  c u b ic  param eter o f  ir o n  (0*15# carbon c * 2 ,8 8 ,
gi S»,8())
, As t h e s e  p aram eters are  a l l  so  s i m i l a r  th e r e  
w i l l  be no g r e a t  e r # r  i f  th e y  are  c o n s id e r e d  t o  
be  e q u a l .
To c a l c u l a t e  the  amount o f  t h e  body c e n t r e d  
phase  th e  r e s u l t s  o f  R u s s e l l  & M avrocadatos (2 8 )  
an d  Sharpe (1 )  may b e  c i t e d .  They say  t h a t  when 
f e r r i t e  form s from a u s t e n i t e  th e r e  I s  an e x p a n s i o n  
and when c a rb id e  form s a c o n t r a c t io n .  When any 
t r a n s fo r m a t io n  i s  c o n s id e r e d  th e  t o t a l  e x p a n s io n  
i s  th e  sum o f  th e  e x p a n s io n  when a u s t e n i t e  tra n sfo rm s  
t o  f e r r i t e  and c a r b id e ,  p lu s  th e  d i f f e r e n c e  betw een  
th e  therm al c o n t r a c t io n  o f  a u s t e n i t e  and f e r r i t e  
(a p p ro x im a te ly  9 x 10*^)♦
F ig ,  51 in  w h ich  curve AB was determ ined  
e x p e r im e n ta l ly  and BO i s  c o n s tr u c te d  from the  known
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t h e r m a l  c o n t r a e t l o n  o f  a u a t e n i t e .  I n t e r c e p t s  may 
be measured w hloh r e p r e s e n t  th e  e x p e c te d  e x p a n s io n  
a t  any sub  c r i t i c a l  tem perature  (D3 a t  600^0)# 
T h ese ,  when compared w i t h  the  o b serv ed  e x p a n s io n  
w i l l  g iv e  th e  amount o f  th e  body c e n t r e d  phase#
ISO
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I
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Figure 52# Thermal expansion of 0*V5% carbon
stee l.
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M ic ro sco p y  showed t h a t  t h e  h u lk  o f  th e  body 
c e n t r e d  p h a s e  l a y  a t  t h e  g r a i n  b o u n d a r i e s  I n  the  
e a r ly  p a r t  o f  th e  tr a n s fo r m a t io n  and, t h e r e f o r e ,
u s i n g  th e  f o r m u l a  o f  S m i th  & Gutnam (4 1 )  8 m 2n
. . y
where 9 r  g r a in  boundary s u r fa c e  area  
V * th e  volume o f  th e  specim en
n  a t h e  a v e r a g e  number o f  I n t e r s e c t !  o n s / u n l t
l e n g t h  o f  g r i d  l i n e
■ L # l e n g t h  o f  g r id  l i n e  
t h i s  g i v e s  a  g r a i n  boundary s u r f a c e  a r e a  o f  41  s q . l n s *  
I n  a  specim en o f  f e f f e o t l v e  l e n g t h  x .025*^ x #250*.
T ab le  1 4 . ,
2 s B .C .O . V o l . T h l .C k  l o 5 ) T h i c k n e s s
(cm X ICP)'
670 0
660 2 .0 0 0 3 2 0 . 7 s 1 . 9 6
640 6 *00096 2 .3 6 5 .9 4
600 16 .00256 6 . 1 2 1 5 .5 6
Assuming t h a t  t h i s  second phase forms a un iform  
f i l m  a t  t h e  g r a in  b o u n d a r ie s ,  th e  p robab le  t h i c k n e s s  
o f  th e s e  f i l m s  has b een  c a l c u l a t e d  (T a b le  1 4 ) . T h is  
i s  s e e n  t o  be betw een  2 an d  16 x 10**^cm* The d a ta  
o f  W e l l s ,  B a ta  à Me h i  (42)  shows t h e  r a te  o f  d i f f u s i o n  
o f  carbon in  a u s t e n i t e  w i t h  1 a tom ic  w hich  i s  
a p p ro x im a te ly  t h e  c a r b o n  c o n te n t  o f  t h e  low carbon  
s t e e l .  The o n ly  a l l o y i n g  e lem en t in  t h i s  s t e e l  was
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manganèse and Smoiüobdwskl ) has shewn th a t
manganese d oes  n o t  a f f e c t  th e  r a t e  o f  d i f f u s i o n  o f
carbon in  a u s t e n i t e  s i g n i f i c a n t l y  and, th e
. , / t h e r e f o
th e  r e s u l t s  o f  W ells  e t  a l^  e x tr a p o la t e d  to  th e  
sub c r i t i c a l  t r a n s f o r m a i  on tem perature  may be u s e d /  
From th e s e  d i f f u s i o n  c o - e f f i c i e n t  v a lu e s  the  d i s t a n c e  
th e  carbon can t r a v e l  in  a g iv e n  tim e may be 
c a lc u la t e d #  (Table 15)
Table 1 5 #
D is ta n c e  Carbon can d i f f u s e  
I n" 1 7 3 r d  s e c #
T em perature /  ' ■ '• (cm# X 1Q2) '
^ 2 ,5  '
660 2 ,1  
" 64D ' : 1 .9  ' '
GOO :  :: .  1 -3  ,
I t  w i l l  be se en  from th e s e  r e s u l t s  th a t  a t  600^0 
th e  p l a t e  t h ic k n e s s  i s  about t e n  t im e s  th e  d i s t a n c e  
t h a t  carbon can d i f f u s e ,  w h i le  a t  670^0 the  d i s t a n c e s  
a r e  a p p ro x im a te ly  e q u a l , \  The d i f f e r e n c e  betw een  
t h e s e  v a lu e s  i s ,  however^ so  sm a ll  th a t  i t  I s  n o t  
r e a l l y  s i g n i f i c a n t ,  th ey  might I n  f a c t  be  s a id  t o  be 
in  good agreem ent w i t h  p r e v io u s ly  p u b l i s h e d  work.
T h is  Would i n d ic a t e  t h a t  the  B#G#0. phase th a t  i s  
formed in  the  i n i t i a l  p a r t  o f  th e  t r a n s fo r m a t io n  i s  
f e r r i t e  o f  low carbon c o n te n t  *
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The m lorohardnees t e s t s ,  how ever, show t h a t  t h i s  
s im p le  p i c t u r e  I s  n o t  te n a b le *  These t e s t s  show 
t h a t  th e r e  are  marked changes in  the  h ard n ess  o f  
f e r r i t e  a s  th e  t r a n s fo r m a t io n  p r o c ee d s  and a l s o  
t h a t  the  i n i t i a l  and f i n a l  h a r d n e sse s  a r e  a f f e c t e d  
by th e  tr a n s fo r m a t io n  tem p er a tu r e .  The g e n e r a l  
p a t t e r n  o f  th e  change in  h a r d n e s s  I s  t h a t  a t  c o n s ta n t  
tem perature  th e  h ard n ess  i s  h ig h  a t  th e  s t a r t  o f  th e  
t r a n s fo r m a t io n ,  th e n  f a l l s  r e a c h in g  a minimum When 
p e a r l l t e  s t a r t s  to  form and a f t e r  t h i s  i s  s u b s t a n t i a l l y  
c o n s ta n t*  While th e  tr a n s fo r m a t io n  i s  p r o c e e d in g  the  
r a te  a t  w h ich  the  h a rd n ess  o f  th e  B*0*C* phase f a l l s  
d e c r e a s e s  w i t h  in c r e a s e  in  tem perature* The h ard n ess  
p a t t e r n  a t  th e  s t a r t  and f i n i s h  o f  th e  tr a n s fo r m a t io n  
shows th a t  th e  h a rd n ess  o f  f e r r i t e  in c r e a s e s  w i t h  
d e c r e a s e  in  tr a n s fo r m a t io n  tem perature#
T h is  d i f f e r e n c e  in  h ard n ess  o f  f e r r i t e  must 
i n d ic a t e  t h a t  the  f e r r i t e  t h a t  i s  formed a t  e l e v a t e d  
tem p era tu res  i s  d i f f e r e n t  from th a t  form ed a t  low er  
tem p eratu res*  The d i f f e r e n c e s  p o s s i b l e  a re  c o n f in e d  
t o  th e  p a r t i t i o n  o f  th e  a l l o y i n g  e le m e n t s .  The 
a l l o y i n g  e le m e n ts  p r e s e n t  in  t h i s  s t e e l  a re  carbon  
and manganese# I t  has been  shewn t h a t  in  t h i s  typ e
I l l
o f  r e a c t i o n  th e r e  la  l i t t l e  a p p r e c ia b le  p a r t i t i o n  
o f  manganese ( 44 ) b u t many a u th o r s  have shewn t h a t  
t h e r e  I s  a p o s s i b i l i t y  o f  f e r r i t e  h a v in g  an  
abnorm ally  h ig h  carbon co n ten t#  Among th e  e a r l y  
a u th o r s  are  W h itley  & B ailim ond (45 ) and r e c e n t l y  
many w ork ers  have su g g e s te d  t h a t  h ig h  carbon f e r r i t e  
p r e c e d e s  th e  fo r m a t io n  o f  b a i n i t e  e , g .  V i l l e l a ,
G u e l l io h  & B a in  ( 4 6 ) ,  F o r s te r  & S c h e l l  ( 4 7 ) ,  %b & 
C o t t r e l l  (4 8 )  and H u ltg ren  (1 5 )  who named i t  
p a r a f e r r i t e *  Aaronson ( 4 9 ) ,  who s t u d ie d  th e  t r a n s ­
fo rm a tio n  o f  s t e e l  in  th e  p e a r l l t e  r a n g e ,  showed t h a t  
f e r r i t e  c o u ld  change t o  what he termed " b a in ite "  
when the  p e a r l l t e  r e a c t i o n  was p r a c t i c a l l y  com plete*  
S im i la r ly  T sou , N u tt in g  & Menter (50) showed t h a t  
a f t e r  quenching and a g e in g  in g o t  ir o n  a d e t e c t a b l e  
p r e c i p i t a t e  o f  c a rb id e  or c e m e n t l te  was fo u n d . In  
th e  paper o f  T r o t t e r ,  McLean & Clews (5 1 )  i t  was 
shown t h a t  c a r b id e s  were p r e s e n t  in  quenched low  
carbon s t e e l *  Modin (3 0 )  shewed t h a t  i n  low carbon  
s t e e l  (0 , 18#^  carbon) when th e  t r a n s fo r m a t io n  i s  
p r a c t i c a l l y  com plete  th e  ends o f  th e  c a rb id e  p a r t i c l e s  
i n  p e a r l l t e  were e n la r g e d  i n d ic a t in g  t h a t  t h e  p e a r l i t i c  
ca rb id e  had s t a r t e d  from th e s e  s i t e s #  I r v in e  &
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P ic k e r in g  (5 2 )  showed t h a t  i n  a  low a l l o y  s t e e l  
(1# N i ,  0.5#^ Mo, 0 .0 0 1 #  5 )  a t  600^0 th e r e  i s  a 
c o n t i n u o u s  in c r e a s e  in  r o u g h n e s s  In  t h e  f e r r i t e  
a r e a s  a s  shewn by th e  e l e c t r o n  m icrograph w h ich  
i s  s im i la r  t o  t h a t  shewn in  an o p t i c a l  m icrograph  
by T sou , N u tt in g  & M enter, w i t h  in c r e a s e  i n  t im e  
o f  tr a n sfo r m a tio n #  They s a id  t h a t  t h i s  roughening  
c o u ld  occu r  in  two c a s e s # F i r s t l y  when low carbon  
s t e e l  was h e a ted  f o r  p ro lon ged  p e r io d s  o r  s e c o n d ly ,  
when a b a i n l t i c  t r a n s fo r m a t io n  was p r o c e e d in g .  T h is  
was e x p la in e d  by sa y in g  t h a t  i n  th e  f i r s t  c a se  i t  
may be a s s o c i a t e d  w i t h  th e  i n i t i a l  s t a g e s  o f  th e  
p r e c i p i t a t i o n  o f  ca rb id e  or n i t r i d e  ( a l t h o u g h  t h e  
l a t t e r  i s  u n l ik e l y  a s  th e  n i t r o g e n  c o n te n t  was kept  
a s  low a s  p o s s i b l e  so  t h a t  th e  boron was e f f e c t i v e )  
w h ile  in  th e  second c a se  i t  was due to  th e  l o c a l  
c o n c e n tr a t io n s  o f  d i s l o c a t i o n s  t h a t  a r o se  due t o  th e  
sh ear  mode o f  t r a n s fo r m a t io n .  That sh ear  was 
a s s o c i a t e d  w i t h  th e  fo rm a tio n  o f  b a i n i t e  was shewn 
by Ko & C o t t r e l l  (4 8 )  who found s u r fa c e  d e fo r m a tio n  
%hen a l l o y  s t e e l s ,  w i t h  a prepared  s u r f a c e ,  were  
i s o t h e r m a l ly  tran sform ed  i n  vacuum and th e  produ ct  
was e i t h e r  m a r te n s i t e  or b a i n i t e .  They fo u n d , how ever.
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t h a t  th e r e  was no s u r fa c e  d e fo rm a tio n  when p e a r l l t e  
was formed under s i m i la r  c o n d i t i o n s .  I t  sh ou ld  he 
noted  t h a t  owing t o  th e  e x p e r im e n ta l  c o n d i t io n s  
s t e e l s  th a t  transform ed s lo w ly  had to  be used#
Olney (5 3 ) has shewn th a t  s u r fa c e  d e fo rm a tio n  may 
occur when f e r r i t e  i s  formed i f  the  r e a c t i o n  i s  
co m p a ra t iv e ly  rapid* Theso c o r r u g a t io n s  showed 
the  c h a r a c t e r i s t i c  "spine" down th e  c e n t r e  w hich  
i s  a s s o c i a t e d  w i t h  m a r t e n s i t l c  or shear r e a c t i o n .
From t h e s e  o b s e r v a t i o n s  I t  may be  dedu ce d  t h a t  
a lth o u g h  from c o n s id e r a t io n  o f  d i f f u s i o n  r a t e s ,  i t  
i s  p o s s i b l e  f o r  low carbon f e r r i t e  t o  fo rm  on 
tr a n s fo r m a t io n  t h i s  d oes  not i n  f a c t  occur* The 
carbon c o n te n t  o f  th e  f e r r i t e ,  w h i le  i t  may not be 
a s  h ig h  a s  t h e  carbon c o n te n t  o f  the  a u s t e n i t e  from  
w h ich  i t  form ed, w i l l  be h ig h e r  than  th e  e q u i l ib r iu m  
carbon c o n te n t  o f  f e r r i t e  and a l s o  o f  th e  e x tr a p o la te d  
carbon c o n t e n t ,  I t  may f u r t h e r  be deduced th a t  in  
agreement w ith  th e  work on su r fa c e  roughen in g  and a l s o  
w i t h  Mehl & J e t t e r  (5 4 ) th a t  th e  n u c le u s  was formed  
by shear and w i l l  n o t  In v o lv e  any d i f f u s i o n  1 , 8 ,  i t  
i s  in d i s t in g u i s h a b l e  f rom  m a r t e n s l t e #
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Thèse r e s u l t s  a l s o  showed what has b een  known 
f o r  many y e a r s ,  t h a t  f e r r i t e  w i l l  form more r a p id ly  
in  low carbon s t e e l s  than  th o s e  o f  h ig h e r  carbon  
co n ten t*  I t  i s  now p o s s i b l e  t o  advance the  
h y p o t h e s i s  th a t  th e  r e a so n  f o r  t h i s  i s  t h a t  a s  th e  
carbon c o n te n t  o f  a u s t e n i t e  in c r e a s e s  i t  becomes 
s tr o n g e r  and w i l l ,  t h e r e f o r e ,  not sh ear  so  r e a d i l y .
I t  has a l s o  been  s t a t e d  by H i l l e r t  (5 5 )  th a t  i f  the  
s p e c i f i c  g r a v i t y  o f  th e  p r e c i p i t a t e  i s  l e s s  than  
th a t  o f  th e  m a tr ix ,  th e  p r e c i p i t a t i n g  p a r t i c l e  w i l l  
be growing under s t r e s s  and can  o n ly  In c r e a se  in  
s i a e  when th e  m a tr ix  deform s p & a s t i c a l ly .  T h e r e fo r e ,  
th e  g r e a t e r  th e  s t r e n g t h  o f  th e  a u s t e n i t e  th e  s low er  
w i l l  be th e  growth o f  th e  p r e c i p i t a t e ,  in  t h i s  c a se  
f e r r i t e .
The change in  t h e  h a rd n ess  o f  f e r r i t e  a f t e r  
fo rm a tio n  I s  c o n s i s t e n t  w i th  th e  a c c e p te d  v iew  on 
p r e c i p i t a t i o n  from a s o l i d  s o lu t io n *  The p a t t e r n  
o f  h a rd n ess  change t h a t  t h i s  work has shewn i s  
t h a t  a t  h ig h  tem p era tu re , in  s p i t e  o f  th e  f a c t  t h a t  
a t  t h e s e  tem p era tu res  carbon can  d i f f u s e  more 
r a p i d l y ,  th e  r a te  o f  d e c r e a se  o f  h ard n ess  i s  lower  
th an  a t  low er tem p er a tu r es .
l i s
T h is  a p p a r e n t ly  anomoloug b eh av iou r  m&y bo 
e x p la in e d  on th e  b a s i s  th&t th e  d e g r ee  o f  su p ers  
s a t u r a t i o n  o f  f e r r i t e  i s  in c r e a se d  &g th e  tem perature  
i s  lo w e re d , T h is  i s  shown by th e  in c r e a s e  o f  
i n i t i & l  and f i n a l  h ard n ess  o f  f e r r i t e ,  T h is  in c r e a s e  
in  amount o f  s o l u t e  in  f e r r i t e  w i l l  in c r e a s e  th e  
r a t e  a t  w h ich  & p r e c i p i t a t e  can n u c le a te #  Many 
w orkers have ob served  t h i s ,  e , g ,  Mehl & J e t t e r  (5 6 ) 
who s a id  t h a t  t h i s  in c r e a s e  in  p r e c i p i t a t i o n  r a t e  
was due t o  l o c a l  s t r a i n  w h ich  would g iv e  g r e a t e r  
p l& s t ic  d i s t o r t i o n  in  l o c a l  r e g io n s  and, t h e r e f o r e ,  
f a s t e r  nu cle& tion*
Mehl (5 7 ) h as  a l s o  shown t h a t  th e  r a t e  o f  
d i f f u s i o n  w i l l  in c r e a s e  w i t h  in c r e a s e  in  th e  amount 
o f  s o l u t e .  T h is  w i l l  a l s o  c o n t r ib u te  t o  more r a p id  
s o f t e n i n g ,  . -
The change in  h a rd n ess  m&y, t h e r e f o r e ,  be a id  
t o  be due t o  tho change from & uniform  s o l i d  s o l u t i o n  
t o  a  s ta g e  where t h e r e  i s  & f i n e  p r e c i p i t a t e  and 
f i n a l l y  when th e  p r e c i p i t a t e d  phase c o a le s c e s #
T h is  h as  b een  i l l u s t r a t e d  by O e i s l e r  (5 3 )  (F ig * 5 3 )  
who showed t h a t  i n  t h e  f i r s t  s t a g e  p r e c i p i t a t i o n  i s  
m&inly c o n f in e d  t o  th e  s l i p  p la n e s  and g r a in
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(a )
(b)  
( o )
S ch e m a t ic  d ra w in g  shewing  t h e  
p r e c i p i t a t i o n  o f  Fe  C in  s u p e r s a t u r a t e d  
f e r r i t e ,  3
On s l i p  p la n e s  and a t  g r a in  b o u n d a r i e s .  
G eneral p r e c i p i t a t i o n *
C o a le s c e n c e  o f  p r e c i p i t a t e  ( a f t e r  G e l s l e r ) ,
b o u n d a r i e s .  As t h e  r e a c t i o n  p r o c ee d s  t h e  o r i g i n a l  
p r e c i p i t a t e  c o a l e s c e s  and g e n e r a l  p r e c i p i t a t i o n  ta k e s  
p la c e ;  f i n a l l y  a l l  t h e  p r e c i p i t a t e  c o a l e s c e s *  The 
v a r i a t i o n  o f  h a r d n e s s  of f e r r i t e  a f t e r  t h e  p e a r l l t e  
r e a c t i o n  s t a r t s  may be s a id  t o  be due t o  t h e  I n c r e a s e  
o f  d i s p e r s i o n  harden in g  owing t o  th e  h i g h e r  carbon  
c o n te n t  o f  t h e  m a r t e n s i t e  f i r s t  f o rm e d .
T h is  change In the  amount o f  o e m e n t l te  t h a t  
f o rm s  f rom  f e r r i t e  I s  i l l u s t r a t e d  by th e  e l e c t r o n  
m icrographs o f  Modln (3 0 )  who showed t h a t  when 
s t e e l s  o f  0#18 and 0 , 5^ carbon were tran sform ed  a t  
650^0 th e  low er carbon s t e e l  h as  around th e  edge  
o f  th e  f e r r i t e  a  s e r i e s  o f  d i s c r e t e  p a r t i c l e s  o f  
c e m e n t i t e  bu t th e  h ig h e r  c a r b o n  s t e e l  h a s  p r a c t i c a l l y  
a com p lete  la y e r  th a t  appeared t o  be b u i l t  up from  
a la r g e  number o f  g lo b u le s *
T h is  work has shewn t h a t  th e  c h a r a c t e r i s t i c  
form o f  p e a r l l t e  c h a n g e s  w it h  th e  carbon c o n t e n t  
o f  t h e  s t e e l  and t h e  tem perature  o f  tr a n sfo r m a tio n #  
W ith  th e  h i g h  c a rb o n  s t e e l  t h e  p e a r l l t e  I s  l a m e l l a r  
b u t th e  0 *15^ carbon s t e e l  p e a r l l t e  i s  s p h e r o id a l  
e x c e p t  a t  th e  h ig h e s t  tr a n s fo r m a t io n  te m p e r a tu r e s ,
P e a r l l t e  i s  u s u a l ly  s t a t e d  t o  be la m e lla r *
When th e  t r a n s f o r m a t i o n  ta k e s  p l a c e  a t  or n e a r  t h e  
t h e s e  la m e l la e  a r e  p a r a l l e l  but when th e  t r a n s -  
fo rm a tio n  ta k e s  p la c e  a t  low er tem p era tu res  th e  
la m e l la e  ten d  t o  grow in  a fa n  l i k e  form Which was 
o r i g i n a l l y  termed nod u lar  t r o o s t i t e *  H u t t i n g  (59 )  
h a s  r e c e n t l y  shewn from e x p e r im en ts  on ca rb id e
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e x t r a c t e d  from an e tc h e d  su rgace  hy a carbon  
e x t r a c t i o n  r e p l i c a ,  t h a t  c e m e n t i te  may form aa  
l a t h s  and n o t^ sh e e ts*  There Is* how ever; some 
d o u b t  a s  t o  th e  v a l i d i t y  o f  t h i s  a s  i t  I s  p o sd b le  
t h a t  th e  l a t h s  w hich  were ob served  were In f a c t  
t h e  broken e d g e s  o f  p l a t e s  w h ich  s to o d  out from  
th e  e tc h e d  s u r f a c e .  There are  many r e f e r e n c e s  
In th e  l i t e r a t u r e  t o  sp h e r o id a l  p e a r l l t e s  t h a t  
w e re  formed on Iso th e rm a l tr a n s fo r m a t io n  p a r t i c u l a r l y  
i n  a l l o y  s t e e l s  ( 6 o ) ,  In th e  low er carbon s t e e l s  
Modin h as shown e l e c t r o n  m icrographs o f  p e a r l l t e  
In 0 ,1 8 #  carbon s t e e l s  (3 0 ) In w h ich  the  c a r b id e  
sp h e r o id s  were in  a r e g u la r  arrangem ent w h ich  he 
s a i d  may be c o n s id e r e d  a s  the  normal la m e l la r  form  
o f  p e a r l l t e  In w hich  th e  la m e l la e  have b een  I n t e r -  
ru p ted  a s  th e  carbon c o n te n t  o f  th e  a u s t e n i t e  was 
below  t h e  e q u i l i b r i u m  v a lu e *  T h i s  r e g u la r  array  
o f  c e m e n t i te  p a r t i c l e s  was n o t ,  how ever, foand in  
th e  p r e s e n t  work and w h ile  th e  p e a r l l t e / a u s t e n l t e  
had th é  curved  form t h a t  I s  a s s o c i a t e d  w i t h  a 
p e a r l l t l c  tr a n s fo r m a t io n  the  c a r b id e  p a r t i c l e s  had 
a random arrangement* ;
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I t  may* t h e r e f o r e ,  be  s a i d  t h a t  l a m e l l a r  
p e a r l l t e  i s  n o t  t h e  g e n e r a l  f o rm  o f  t h e  a u s t e n i t e  
t o  f e r r i t e  and c em e n t ite  t r a n s f o r m a t i o n  b u t  I s  
r e s e r v e d  f o r  s t e e l s  w i t h  a  s m a l l  amount o f  a l l o y i n g  
e le m e n t  o f  a p p r o x i m a t e l y  e u t e c t o i d  c o m p o s i t i o n  o r  
above and a l s o  c a s t  Irons# When th e  carbon c o n te n t  
I s  lower th e  la m e l la r  form o f  p e a r l l t e  I s  r e p la c e d  
a t  l e a s t  I n  p a r t  by a s p h e r o id a l  form p a r t i c u l a r l y  
when th e  tr a n s fo r m a t io n  o c c u r s  a t  t e m p e r a t u r e s  
w e l l  below th e  Ai (or  when th e  tr a n s fo r m a t io n  I s  
more r a p i d ) .
T h is  change  In form o f  a p r e c i p i t a t e d  p h a s e  i s  
n o t  l im i t e d  t o  th e  Iro n /ca rb o n  system  b u t  i s  shewn 
In o th e r  e u t e o t o l d s  and e u t e c t i c s  o f  b o th  f a r m  us 
and  n o n - f e r r o u s  m e t a l s *
I n  th e  i r o n / n i t r o g e n  system  (61 )  t h e  p e a r l l t e  
I s  la m e l la r  a t  tem p era tu res  o f  500 0 and a b o v e ,  
but a t  tem p era tu res  o f  th e  order o f  500 G th e  
s t r u c t u r e  I s  s p h e r o i d a l  and I s  net b a i n i t e *  T h i s  
I s  s a id  t o  be a s s o c i a t e d  w i t h  th e  o b s e r v a t io n  th a t  
th e  r a te  o f  n u c lé a t io n  I n c r e a s e s  f a s t e r  than  th e  
r a t e  o f  growth*
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: The phase  In  th e  e o p p e r /g a l  1 lum sy stem (6 2 )
decomposes t o  g i v e  a p e a r l l t l é  type  o f  s t r u c t u r e  
and here  a g a in  a re  found a r e a s  o f  p r e c i p i t a t e  t h a t  
ar e  s p h e r o id a l  and o t h e r s  w h ich  are l a m e l la r .  The 
r e a c t i o n s  in  t h i s  system  a r e  more c o m p lic a te d  th an  
in  th e  Ir o n /e a rh o n  sy s tem . The p a th  quoted i s  
5 s  —  3 ’'* V" ;
In th e  cop p er /ln d lu m  system  Spencer & Mack ( 6 3 ) 
have shown t h a t  th e r e  i s  a  t r a n s i t i o n  zone ahead o f  
th e  l a m e l l a r  e u t e c t o i d  and In  t h i s  c a se  i t  i s  
su g g e s te d  t h a t  t h i s  i s  caused  hy a d ju stm e n ts  in  
c o m p o s i t i o n  b e h i n d  th e  advan cin g  i n t e r f a c e ,  Garwood 
& H opkins  ( 6 4 ) i n v e s t i g a t e d  th e  a lu m in iu m /z in c  system  
and found t h a t  a t  a tem perature  j u s t  below  th e  
e u t e o t o i d  tem perature  th e  tr a n s fo r m a t io n  product was  
la m e l la r  b u t  t h i s  d e g e n e r a te d  very  r a p id ly  t o  a 
m ixture o f  la m e l la r  and s p h e r o id a l  p r e c e l p i t a t e s  a s  
th e  tr a n s fo r m a t io n  tem perature  was lo w e re d .
T h is  b eh a v io u r  i s  n o t  l im i t e d  t o  e u t e o t o i d  
sy s tem s b u t i s  a l s o  shewn by e u t e c t i c s *  G c h e i l  (6 5 (  
h a s  shewn th a t  i t  can occur,  in  t h e  copper/a lum inium  
e u t e c t i c s  80 t h a t  under some c o n d i t io n s  th e  e u t e c t i c  
s t r u c t u r e  may be la m e l la r  and in  o t h e r s  granu lar*
I21 i
f T h is  was c o n s id e r e d  t o  be  due t o  changes i n  
su r fa c e  t e n s io n #
Grechny ( 66 ) u s in g  what are  termed ^transparen t  
m e ta l^ l lk e  su b s ta n c e s *  (cam p hor/benzo ic  a c id  and 
cam p hor/nap th a len e) h a s  shewn t h a t  th e  form o f  th e  
e u t e c t i c  c&n be markedly changed by sm a ll  a d d i t io n s  
o f  e i t h e r  s o lu b le  or in s o lu b le  e le m e n t s ,  and a l s o  
t h a t  th e  e u t e c t i c  and upper and lower c r i t i c a l  p o i n t s  
can  be changed ,
A s i m i la r  e f f e c t  i s  found when th e  a lum inium /  
s i l i c o n  a l l o y s  a r e  "m odified* by a d d i t io n s  o f  sodium . 
In  th e  u n tr e a te d  c o n d ltb n  th e  s i l i c o n  formed a s  
p l a t e s  w h i le  when th e  a l l o y  la  m o d if ied  the  e u t e c t i c  
c o n s i s t s  o f  s p h e r o id a l  p a r t i c l e s  o f  s i l i c o n  in  a 
m a t r i x  o f  aluminium*
When s o l u t i o n  t r e a t e d  2^ b e r y l l iu q /c o p p e r  I s  
over  aged ( 6? )  th e r e  app ears  f i r s t  a t  th e  g r a in  
b o u n d a r ie s  and f i n a l l y  a l l  over the  g r a in  a la m e l la r  
t r a n s fo r m a t io n  product#  When c o b a l t  i s  added t o  th e  
system  n ot o n ly  i s  th e  t r a n s fo r m a t io n  made more 
s l u g g i s h  l , e #  th e  m a t e r ia l  w i l l  not over  age so  
r e a d i ly #  b u t  t h e  p rod u ct i s  s p h e r o i d a l .
I22 i
These exam ples o f  o th e r  m eta l  sy s tem s may In  
some o a se s  ( c o p p e r /g a l l iu m )  he more c o m p lic a ted  
th an  th e  I r o p /c e m e n t l t e  system  and In o th e r s  
(c o p p e r /b e r y l l iu m )  doubt may be e x p r e s s e d  th a t  I t  
I s  In f a c t  a comparable r e a c t i o n  b u t  th e y  a re  a l l  
exam ples o f  change o f  form o f  th e  p r e c i p i t a t e d  phase  
when th e  tem perature  o f  tr a n s fo r m a t io n  I s  changed  
or minor a l l o y i n g  a d d i t io n s  a r e  made,
S c h e l l  has s a id  th a t  t h i s  d i f f e r e n c e  in  
b eh a v io u r  i n  th e  c a s e  o f  e u t e c t i c s  can  be tr a c e d  
t o  a  d i f f e r e n c e  o f  s u p e r s a t u r a t lo n  in  advance o f  
th e  growing s o l id *  When la m e l la e  a r e  formed th e r e  
i s  a r e g io n  ahead o f  th e  s o l i d i f i c a t i o n  f r o n t  in  
w h ich  s e g r e g a t io n  o c cu rs  and th e r e  a r e  two l i q u i d s  
w h ich  approach  th e  c o m p o s it io n  o f  th e  s o l i d  t h a t  w i l l  
u l t i m a t e l y  form from them* When th e  f r o n t  i s  n o t  
s t a b l e  th e  p o s s i b i l i t y  e x i s t s  t h a t  th e  c o m p o s it io n  
o f  th e  l i q u i d  w i l l  change in  f r o n t  o f  one p h a s e  only*  
T h is w i l l ,  t h e r e f o r e ,  grow f a s t e r  th an  t h e  o th e r  and 
e n v e lo p  i t  so  t h a t  th e  second phase  w i l l  th e n  not be  
la m e l la r  but in  th e  form o f  sp h ero id s*
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In th e  c a s e  o f  s t e e l ,  how ever, s l i g h t l y  
d i f f e r e n t  c o n d i t io n s  apply# P l a i n  carbon  s t e e l s  
are  u s u a l l y  s a id  t o  b e  a l l o y s  o f  Iron  and carbon  
o n ly  bu t t h e r e  are* in  f a c t *  commonly o th e r  m e ta ls  
and m e t a l lo id s  p r e s e n t  t h a t  t o t a l  a p p ro x im a te ly  1^^
In a d d i t io n  t o  t h e s e  t h e r e  are  a l s o  d i s s o l v e d  g a s e s  
w h ich  have been  shown t o  have an a p p r e c ia b le  a f f e c t  
on th e  form o f  p e a r l i t e *  Those g a g es  a r e  p r e s e n t  a s  
a  r e s u l t  o f  s t e e l  making p r a c t i c e  and a r e  not  
s i g n i f i c a n t l y  a f f e c t e d  by su bseq u en t trea tm en t*  In  
t h i s  work a l l  b a tc h e s  o f  s t e e l  were a n a ly s e d  fo r  
oxygen by vacuum f u s i o n  and th e  r e s u l t s  were c o n s ta n t  
( 0 * 0 2 9 # ) ,  T h is change i n  th e  form o f  p e a r l i t e  must 
be due to  an o th er  c a u s e .  The p e a r l i t e  r e a c t i o n  has  
b een  s t u d ie d  by many workers* in  p a r t i c u l a r  Mehl and 
h i s  c o l l a b o r a t o r s ,  and th e  o u t l i n e  o f  t h e  p r o c e s s  i s  
w e l l  e s t a b l i s h e d #  The b u lk  o f  th e  work h a s ,  how ever, 
b een  c o n f in e d  t o  th e  r e a c t i o n s  o f  a e u t e o t o i d  s t e e l .
In  t h e s e  r e s e a r c h e s  many p h otograp hs show th e  
ad van cin g  p e a r l i t e / a u s t e n l t e  i n t e r f a c e .  A l l  t h e s e  
show t h e  same ten dency  i# e#  th e  r a t e  o f  grow th o f  
f e r r i t e  and c e m e n t ite  are  a p p ro x im a te ly  e q u a l  
a lth o u g h  i n  some o a s e s  f e r r i t e  i s  s l i g h t l y  in  
advance o f  c e m e n t ite  and i n  o th e r  c a s e s  th e  r e v e r s e  
i s  tru e*
The c o n d i t io n s  th a t  are  n e c e s s a r y  t o  change  
a la m e l la r  e u t e o t o i d  (or e u t e c t i c )  t o  s  s p h e r o id a l  
one are ag f o l l o w s .
1* The r a t e  o f  growth o f  one phase i s  much more 
r a p id  th a n  t h e  o th er*  The f a s t e r  growing phase  
w i l l  th e n  e n v e lo p e  p a r t  i o l e s  o f  t h e  o th e r  one » 
When more o f  th e  second phase  has  t o  grow i t  
w i l l  have t o  he n u o le a te d  a g a i n .
2 . The r e l a t i v e  s u r fa c e  t e n s io n  o f  t h e  two phase s  
must change w i th  tem perature* I f  th e  su r fa c e  
t e n s i o n  o f  one phase  i s  low a t  h ig h  tem p erature  
and in c r e a s e s  a s  th e  tem p erature  i s  low ered th e  
growth o f  s p h e r o id a l  p a r t i c l e s  w i l l  he fa v o u r ed  
p r o v id in g  th a t  th e r e  i s  n o t  a s im i la r  change in  
th e  o th e r  p h a se .
3 * The i n t e r f a c i a l  energy  may chan ge . I f  t h i s  
in c r e a s e s  a  p a r t i c l e  w i l l  tend  t o  s p h e r o i d l s e .
F a c t o r s  t h a t  a f f e c t  th e  r a t e  o f  grow th o f  
f e r r i t e  may he d e r iv e d  from a study o f  th e  a tom ic  
arrangem ent, d i f f u s i o n  r a t e ,  e q u i l ib r iu m  diagram s  
and c a rb id e  ty p e s  o f  common a l l o y i n g  e le m e n t s .
These are  shewn in  Table 16 and F lg*54*
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The c r y s t a l  ty p e  o f  t h e  added e lem en t does  
n o t seem to  have a d i r e c t  h e a r in g  on t h e  p e a r l i t e  
formed a lth o u g h  th e  F*0 *G# m e ta ls  appear t o  fa v o u r  
la m e l la r  p e a r l i t e  ( a s ^ m in g  t h a t  masganese w i l l  a c t  
a s  a FfO.O, e lem en t under t h e s e  c o n d i t i o n s ) .
Of th e  e le m e n ts  c o n s id e r e d  th o se  th a t  form a 
" c lo se d  y  loop" type o f  e q u i l ib r iu m  diagram  w i l l  
ten d  to  fa v o u r  the  s p h e r o id a l  typ e  o f  f e r r i t e ,  There  
a re  e x c e p t io n s  a s  b o th  n i c k e l  and s i l i c o n  a c t  in  a  
manner c o n tr a r y  t o  t h a t  ex p ec ted #  C obalt  does not  
f i t  in to  a r e g u la r  p a t t e r n .  The i r o n /c o b a l t  system  
show an "open loop"  system  and a s  su ch  w i l l  g iv e  
a u a t e n i t e  w h ich  i s  s t a b l e  down t o  room tem perature»
On th e  o th e r  hand th e r e  i s  a phase t h a t  i s
s t a b l e  up t o  ?1# o f  c o b a l t ,  When sm a ll  a d d i t io n s  
o f  c o b a l t  a re  c o n s id e r e d  th e  A? i s  s e e n  t o  be s l i g h t l y  
r a i s e d  so  t h a t  c o b a l t  may a l s o  be s a id  t o  s t a b i l i s e  
f e r r i t e .
The d a ta  p e r t a in in g  t o  th e  r a t e s  o f  d i f f u s i o n  
o f  a l l o y i n g  e le m e n ts  in  a u s t e n i t e  i s  v e ry  m eagre.
The m a jo r ity  o f  th a t  w h ich  i s  a v a i l a b l e  i s  determ in ed  
a t  tem p era tu res  above 950 0 and m ust, t h e r e f o r e ,  be
*I
I o'*
i:
I
U_
X IO
F i g u r e  54# V a r ia t io n  o f  d i f f u s i o n  c o e f f i c i e n t  
w i t h  tem perature*
e x t r a p o l a t e d  t o . t h e  tem p era tu res  a t  w h ich  p e a r l i t e  , 
form a, The d a ta  t h a t  i s  p l o t t e d  in  F i g , 54  I n d ic a te d  
t h a t  t h e r e  may h e  à tren d  tow ards s lo w e r  r a t e s  o f  
d i f f u s i o n  W ith chromium and tu n g s te n  than  w i t h  
aluminium and s i l i c o n #  The in fo r m a tio n  I s ,  how ever, 
v e r y  s p a r s e  and w ith o u t  f u r t h e r  work i t  I s  im p o ss ib le  
t o  draw any d e f i n i t e  c o n c lu s io n s #
The o n ly  f a c t o r  t h a t  a p p e a r s  c o n s ta n t  in  th e  
w hole  system  i s  t h a t  th e  e le m e n ts  w h ich  ten d  t o  form
s p h e r o i d i s e d  c a r b i d e  i n  p e a r l i t e  form s t a b l e  c a r b id e ,  
( e s t i m a t i n g  th e  s t a b i l i t y  from t h e i r  m e l t i n g  p o i n t s ) #  
Why t h i s  s h o u l d  be so  i s  not p a r t i c u l a r l y  c l e a r  a s
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In  th e  more r a p id  p e a r l i t e  r e a c t io n s  th e  a l l o y  
c a r b id e s  do h o t  form*
The p u b l i s h e d  w o rk  d e a l i n g  w i t h  I n t e r f a c l a l  
energy  and s u r fa c e  t e n s i o n  o f  c a rb id e  p a r t i c l e s  
I s  p r a c t i c a l l y  non~e% lgtent# The s u r fa c e  t e n s i o n  
o f  the  p a r t i c l e s  may be e x p e c te d  t o  In c r e a se  a s  
th e  tem perature  d e c r e a s e s  w h ich  w i l l  fa v o u r  
s p h e r o l d l s a t l o n ,  S im i la r ly  a s  i t  has b een  shewn 
t h a t  th e  carbon c o n te n t  o f  p r o - e u t e c t o ld  f e r r i t e  
w i l l  In c r e a se  a s  th e  tem p era tu res  o f  t r a n s fo r m a t io n  
d e c r e a se  i t  may a l s o  be a n t i c i p a t e d  t h a t  th e  f e r r i t e  
in  p e a r l i t e  w i l l  a l s o  be o f  h ig h e r  carbon c o n t e n t .  
T h is  in c r e a se d  carbon c o n te n t  o f  f e r r i t e  w i l l  make 
i t  more r e s i s t a n t  t o  p l& s t i c  d e fo rm a tio n  and th e  
c a r b id e  w i l l  th en  form under in c r e a s e d  s t r e s s #
The a d d i t io n  o f  a l l o y i n g  e le m e n ts  w i l l  a l s o  make th e  
f e r r i t e  s t i f f e r  and th e  com b ination  o f  t h e s e  two 
e f f e c t s  cou ld  cause  th e  change in  form o f  p e a r l i t e #
IZ),
From a  otudy o f  th e  tr&n&form&tion 
charaotorlmtioo of an 202 stool whleh woo ueed.
&e r e o o lv o d  (carbon e o n tc n t  0 $ !$ # )  and p&ok 
c a rb u r lo e d  t o  g iv #  un iform  carb on  c o n te n t  o f  0 *4 #
0*6 and l*lj^ i t  .may b e  a u g g ce ted  t h a t  
1 # P r o ~ e u to c to ld  f e r r i t e  forma i n i t i a l l y  by Gheap 
and h&8 a  h ig h  carbon c o n te n t*
I
2 .  The i n i t i a l  carb on  c o n te n t  o f  th e  p r o - e u t e o t o id  
f e r r i t e  i n . t h e  low carbon e t e e l  approachca t h a t  
o f  th e  a u s t e n i t e  from w h ich  i t  forma*
3 , Aa th e  carbon c o n t e n t  of. th e  a t e e l  in c r e a s e a  
th e  carbon c o n te n t  o f  t h e  p p o * e u tc e to id  f e r r i t e  
in c r c a e c a  a l th o u g h  w i t h  t h e  h ig h e r  carb on  c t e c l a  
i t  i e  much l e e e  th a n  that o f  th e  a u & ten ite#
4 * Ac th e  tr&neform&tion t im e ia  in c r e a c e d  th e  
carbon  in  s o l i d  s o l u t i o n  in  f e r r i t e  w i l l  form  
c a r b id e s  (o r  maybe su b -c a r b id c o  a l th o u g h  t h i s  
i s  u n l i k e l y  a t  t h e s e  tem p er a tu r es )*  These  
c a r b i d e s . w i l l  f i n a l l y  form & uniform  d i s p e r s i o n  
i n  th e  g r a in s  and a t  th e  g r a in  bou n d aries*
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g .  These g r a in  boundary c a r b id e s  w i l l  n u c le a te
p e a r l i t e ,
6 , As th e  carbon c o n te n t  o f  th e  s t e e l  i s  in c r e a se d  
th e  r a t e  o f  n u c l é a t i o n  o f  p e a r l i t e  I s  i n c r e a s e d *
7 , The tr a n s fo r m a t io n  o f  a u s t e n i t e  t o  p e a r l i t e  i s  
governed by n u o le a t lo n  and n o t  growth*
8 , The morphology o f  p e a r l i t e  changes w i t h  carbon  
c o n te n t  o f  th e  s t e e l  and tem perature o f  trans^^ 
f o r m a t i o n .  W i th  s t e e l s  o f  e u t e o t o id  c o m p o s it io n  
and  above p e a r l i t e s , a r e  la m e l la r  i f  formed a t  
tem p eratu res  near th e  e u t e o t o i d  tem p era tu re .  As 
th e  carbon c o n te n t  o f  th e  s t e e l  and the  tem perature  
o f  tr a n s fo r m a t io n  are  reduced the  p e a r l i t e  
d e g e n e r a te s  in t o  a  sp h e r o id a l  form#
9 # A l lo y in g  e l e m e n t s  w i l l  have two e f f e c t s #  F i r s t l y  
t o  in c r e a s e  th e  s t i f f n e s s  o f  a u s t e n i t e  so  t h a t  
f e r r i t e  w i l l  n o t  form u n t i l  some d i f f u s i o n  o f  
carbon has o c cu rr ed . S eco n d ly  i f  th e  a l l o y i n g  
e lem en t i s  "carbide form ing" th e  c a r b id e s  w i l l  
n o t  form so  r e a d i l y  and t h i s  w i l l  r e ta r d  the  
appearance o f  p e a r l i t e .
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